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ABSTRACT

Four animal models of experimental hypertension characterized by

a dysfunctional adrenal cortex are related to increased secretion of the

potent m i n e r a 1 o c o r t i c o i d and h ype r t ens i nog en ic agent,

11-deoxycorticosterone (DOC). This increase is due to a reduction in the

activity of steroid 113- and 18-hydroxylase, leading to decreased

production of corticosterone and 18-hydroxy-DOC.

In adrenal regeneration hypertension, there is a differential

regeneration of cholesterol side chain cleavage and steroid

118/18-hydroxylase. Regenerating adrenals have normal or increased

cholesterol side chain cleavage activity, coupled with decreased

11£/18-hydroxylase activity. These changes were measured by determining

enzyme activities and substrate interactions with relevant cytochrome

- - P450 enzymes. Cholesterol association with cytochrome P450scc and DOC

association with cytochrome P450iig , were assessed by light absorption
and electron spin resonance spectroscopy. Measurement of corticosteroid

levels in blood indicate that hypersecretion of DOC is involved in the

pathogenesis of adrenal regeneration hypertension. Furthermore, the

importance of studying animals under quiescent conditions and of taking

measurements at the high as well as low point of the circadian rhythm

are demonstrated.

In studies of androgen-induced hypertension, administered

androgen or a metabolite, was shown to bind to the 118-hydroxylase form"

of adrenal mitochondrial cytochrome P450. This can decrease secretion

of corticosterone and 18-hydroxy-DOC but increase DOC secretion.

Androgen treatment clearly affects adrenal cortical cytochrome P450
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levels. Since adrenal cholesterol side chain cleavage activity is

increased in treated animals, more DOC is produced. This elevation in

blood DOC levels is most easily demonstrated at the high point of the

circadian rhythm of adrenal cortical activity

The mechanism of metopirone-induced hypertension involves the

binding of the drug and its reduced metabolite to the llg-hydroxylase

form of adrenal mitochondrial cytochrome P450. The resultant inhibition

of steroid llg-hydroxylase is transient compared to that observed in

androgen-treated animals. The accompanying increased blood DOC levels

are also implicated in the development of hypertensive vascular disease.

The mammotropic pituitary tumour, MtTF4, which secretes large

amounts of ACTH, prolactin and growth hormone, causes pronounced adrenal

cortical hyperplasia. The hyperplastic adrenals have lower levels of

adrenal mitochondrial cytochtome P450 and have reduced steroid

11 3/18-hydroxylase activity. Blood DOC levels are higher than in

controls. Hypertensive vascular disease precedes rapid deterioration in

the health of the animals.

These models point to the role of adrenal cortical dysfunction

in hypertension. In particular, a zona fasciculata-reticularis derived

mineralocorticoid (DOC) seems to cause hypertension. The increase in DOC

secretion in three of these models is related to alterations in the fine

structure of zona fasciculata-reticularis mitochondria. These

alterations are in turn correlated with changes in adrenal mitochondrial

cytochrome P450. These findings are of interest in connection with the,,

potential role of the adrenal cortex in low renin essential hypertension

in man.
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INTRODUCTION:

I graduated from the Biochemistry Department in Edinburgh, when

under Guy Marrian's leadership, it had an excellent reputation for

research in steroids. It is not surprising that my interest in the

biochemistry of the adrenal cortex stems from my first days as a Ph.D.

student there. I was fortunate to have Dr. James K. Grant as my major

advisor and Professor Marrian as another advisor. With Jim Grant, I

analyzed the relationship of Krebs tricarboxylic acid cycle activity to

adrenal steroid llg-hydroxylase. This work culminated in the first

demonstration that reducing equivalents in the form of reduced

nicotinamide adenine dinucleotide phosphate (NADPH; TPNH) were required

for steroid hydroxylations. From the three years of research with Jim

Grant, I was well prepared for the _in vitro techniques which were to

play such an important role in my later studies of adrenal cortical

function in various forms of experimental hypertension.

My interest in adrenal cortical function in humans was nurtured

by a six-year appointment as a Research Fellow in the Pharmacology and

Therapeutics Department at Queen's College, Dundee, under Professor R.

B. Hunter (now Lord Hunter of Newington) . There I worked closely with

the late Dr. Gordon Sprunt on the use of metopirone tests in the

investigation of disorders of the adrenal-pituitary axis. These studies

also involved steroid llg-hydroxylase, the steroid hydroxylase which is

most sensitive to inhibition by metopirone.

In 1962, I was fortunate to have the opportunity to join the

USPHS-sponsored Steroid Training Program at the University of Utah in

Salt Lake City. During that year of training I learned more modern
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techniques applicable to steroid biochemistry research. The program's

director, Professor Kristen B. Eik-Nes, stimulated Henk van der Molen

and myself to develop new methodology (gas liquid chromatography with

electron capture detection) for the measurement of testosterone in

peripheral plasma of humans. This method soon became popular for the

assay of several other steroids in blood and was, in fact, the method of

choice prior to the advent of competitive binding assays. In my early

studies of adrenal cortical function in experimental hypertension, a

similar gas chromatographic method was developed by us and John Rapp for

the measurement of 11-deoxycorticosterone (DOC) in peripheral plasma.

While at Salt Lake City, I was greatly influenced by the grand

old man of steroid biochemistry, the late Professor Leo T. Samuels. He

provided me with excellent training in the use of radioactive precursors

to study pathways of steroid hormone biosynthesis. I was able to apply

these methods to the study of adrenal cortical hormone biosynthesis in

experimental hypertension.

In the winter of 1963, I was invited to visit the Pathology

Department at the State University of New York at Buffalo, where I soon

thereafter joined the research team of the chairman, the late Professor

Floyd R. Skelton. Following his Ph.D. training with Hans Selye in

Montreal, Dr. Skelton made the serendipitous discovery of an interesting

form of experimental hypertension which occurs in rats during

regeneration of the adrenal cortex. The initial report of

"adrenal-regeneration hypertension" was in 1955. In the years that

followed, it was the object of numerous studies directed towards

elucidating the pathogenesis of the elevated blood pressure. Skelton

himself had demonstrated the essentiality of active adrenal regeneration
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for the development of hypertension in this animal model, but no one

succeeded in demonstrating secretion of a hypertensinogenic factor from

the regenerating adrenal gland. My task was to attempt to solve the

enigma of adrenal-regeneration hypertension(ARH) and, to a significant

degree, this thesis describes that work.

My early studies using Jni vitro techniques implicated

11-deoxycorticosterone (DOC) as a possible hypertensinogenic agent in

ARH. Although DOCA-induced hypertension had been well described by Selye

and coworkers in 1943, my hypothesis was not readily accepted by several

in this field. Nevertheless, I maintained my position, having studied

three other forms of experimental hypertension and having demonstrated

that DOC was similarly involved in them. Our _in vitro approach was

expanded to include investigation of the cytochrome P450 enzymes of the

adrenal steroid biosynthetic pathway. With such methods, I was able to

explain the molecular events in the etiology of these several forms of

hypertension. Furthermore, my group developed sensitive

radioimmunoassays which permitted measurements of all the significant

corticosteroids in peripheral blood of experimental animals and

examination of the circadian rhythm of potential hypertensinogenic

adrenal hormones. Throughout this work, an electron microscope facility

has been available for correlating ultrastructure and function in the

adrenal cortex, the approach pioneered by Professor Sir Thomas Symington

in adrenal pathology.

At this stage I have reliable evidence for a potential role of-

DOC hypersecretion in the production of hypertension, with important

implications for understanding the etiology of human essential

hypertension. It is particularly attractive to consider that
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hypersecretion of an adrenal-derived mineralocorticoid may be involved

in low renin essential hypertension. This sub-set, which makes up a

significant percentage of the total hypertensive population, can be

successfully treated with the aldosterone antagonist, spironolactone.

Although DOC is found in increased concentration in the blood of only a

few of these hypertensive subjects,we suspect that some other adrenal

product, or some particular grouping of adrenal products, may be

involved in the pathogenesis of low renin essential hypertension.

Furthermore, my more recent work on resistance and sensitivity to

mineralocorticoid-induced hypertension in the rat offers another

possible direction for attacking this very important problem.
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COMMENTS ON LITERATURE CITED

Section A: Adrenal-Regeneration Hypertension (ARH)

1. Establishment of Conditions for the Study of ARH

Adrenal-regeneration hypertension in rats was described by

Skelton in 1955 (1). He had observed that hypertension developed in a

single rat which had received an incomplete bilateral adrenalectony and

in which there was evidence that adrenal regeneration had occurred

following enucleation. Hie enucleation had resulted in removal of the

inner zones of the adrenal cortex along with the medulla, which led as

Ingle and Higgins (2) had established, to regeneration of adrenal

cortical tissue. Skelton purposely carried out the procedure of Ingle

and Higgins in rats which had been "sensitized" by the removal of one

kidney and provided one per cent sodium chloride as drinking fluid. A

severe hypertension developed accompanied by lesions at multiple sites

in the vascular system.

When I joined Skelton's group in 1963, the model in use involved

right mononephroadrenalectomy and left adrenal enucleation. Controls

only received a right mononephroadrenalectomy. Skelton had observed

previously that mononephrectomy enhanced the hypertension associated

with adrenal regeneration, similar to the DOCA hypertension model

developed by Selye and coworkers (3).

In order to maximize the severity of hypertension in our future

studies of adrenal cortical function in ARH, we attempted to establish

the time when renal mass reduction should be carried out (Paper #1).

That study established that highest blood pressures and greatest
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enlargement of heart, kidney, spleen and brain occurred when both

mononephroadrenalectomy and contralateral adrenal enucleation were

carried out in a single surgical operation. Delaying mononephrectomy

until two weeks after monoadrenalectomy and contralateral adrenal

enucleation resulted in lower terminal mean blood pressures and lower

lesion severity indices in kidney, heart, brain and mesentery. In a

follow-up to the above study, the effect of age and sex on the

development of ARH was determined (Paper #2). Hypertension was produced

in both male and female rats associated with adrenal regeneration; the

rate of development of hypertension was greater in females than in

males. The severity of hypertension tended to be less in older males

and females than in less mature animals. However, I was able to show

that 35 or 44 day-old rats, male or female, developed just as severe

hypertensive cardiovascular disease as the 24 day-old immature weanling

rats used in previous studies by Skelton. The advantages of using these

slightly older rats were several-fold. First of all, they survived

transportation and surgery better than the younger rats. Secondly, we

were able to maintain rats in our animal holding rooms for one week

after delivery from the animal supply companies. This allowed for

acclimatization to the conditions of our facility including the light

cycles being used (0600-1800 hours). Finally, the adrenals were larger

and as we planned to obtain adrenal venous blood for corticosteroid

assay, the larger blood vessels facilitated this already difficult

procedure. Based upon this study, we used female rats in most future

experiments ordering them in aged 35 days and operating on them at an

age of 42-44 days.
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2. Adrenal Cortical Function in ARH

It had been Skelton's view (4) that some function of the

regenerating adrenal played a primary role in the pathogenesis of ARH.

Support for that belief came from studies by Skelton himself who showed

that hypophysectomy, which interferes with the regeneration of the

adrenal, prevents the development of hypertension. Also, if

regeneration is inhibited by leaving the contralateral adrenal intact,

there is no hypertension (5) . Even more convincing evidence that a

function of the regenerating adrenal was involved came from studies of

Chappel's group (6), who found that treatment of adrenal-enucleated rats

with an inhibitor of steroidogenesis, amphenone B, prevented the

development of hypertension. Later on, Chart, Gaunt and coworkers (7)

transplanted the enucleated adrenal to the portal circulation and thus

prevented the development of hypertension. They postulated that any

hypertensinogenic steroid hormone produced by the regenerating adrenal

would be inactivated by immediate passage through the liver.

The evidence for adrenal cortical involvement seemed

overwhelming, but measurements of corticostreroids in adrenal venous

blood or peripheral plasma had not suggested any possible candidate as

the hypertensinogenic steroid hormone produced by the regenerating

adrenal. Early in 1964 I approached this problem using jji vitro

experiments with regenerating adrenal tissue homogenates (Paper #3).

Homogenates were prepared from control and regenerating adrenals 3 and 5

weeks after surgery. Following incubation with carbon-14 labelled

progesterone in the presence of a source of reducing equivalents

(fumarate) , steroid products were extracted and separated by pap>er

chromatography in Zaffaroni systems. While corticosterone (B) was the
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major product obtained in incubations of control adrenal homogenates,

11-deoxycorticosterone (DOC) was the major product of regenerating

adrenal homogenates at both time periods. The products were identified

by crystallization of the labelled products to constant specific

activity and thin-layer chromatography of free and acetylated compounds.

Thus, I was able to formulate the hypothesis that hypersecretion of DOC

could be involved in the pathogenesis of ARH. This was consistent with

the observation that thymolysis does not occur in rats bearing

regenerating adrenals (1), suggesting that hypersecretion of

glucocorticoids does not occur. This hypothesis implies that adrenal

steroid 113-hydroxylase activity is limiting in regenerating adrenals

and that this could lead to reduced secretion of corticosterone and

increased secretion of DOC.

Almost coincident with the publication of our observations,

Birmingham and coworkers reported (8) that regenerating adrenals had

increased production of 18-hydroxy-DOC in response to ACTH compared to

controls. This adrenal secretory product is second to corticosterone

in terms of amount secreted by the rat adrenal. They did not have any

evidence for increased DOC secretion. As our report and Birmingham's

were presented at the same national meetings, there were some exciting

discussions about the different findings. It is important to recognize

that Birmingham's studies, showing elevated production of

18-hydroxy-DOC, involved very long incubations of adrenal tissue. In

fact, during an initial 2 hour incubation, she had seen decreased -

rather than increased - 18-hydroxy-DOC production by regenerating

adrenals. My next studies examined the time course of steroid

biosynthesis from labeled precursor in adrenal homogenates. I showed
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of the added labelled progesterone (Paper #4), and this length of

incubation was used in future experiments. Homogenates of regenerating

adrenals produced less corticosterone from added progesterone and less

of a more polar fraction. This fraction would have contained any

18-hydroxy-DOC formed. Thus, my data did not agree in any way with tha

of Birmingham. Our studies did suggest that altered NADPH generation in

regenerating adrenals could be playing some role in the reduced activity

of steroid 118-hydroxylase. Apparently, however, 21-hydroxylase

activity was efficient even with lower NADPH generation. The steroid 118

-hydroxylase system is located in the mitochondrial fraction of the

adrenal cortical cell, as shown by Sweat (9) and Brownie and Grant (10).

Floyd Skelton, working with Dr. H. Themann (Visiting Professor from

University of Muenster, Germany) showed that in the regenerating

adrenals used in my experiments, there was a reduced nimber of vesicular

cristae in the mitochondria and that this persisted through at least 5

weeks of regeneration (Paper #4). My studies of mitochondria isolated

from control and regenerating adrenals showed directly a reduced

activity of steroid 118-hydroxylase in regenerating adrenal tissue

(Paper #5).

In view of the knowledge that another electron transport chain

was involved in adrenal mitochondrial steroid hydroxylations (11,12,13)

and that the terminal oxidase was cytochrome P450, I decided to

investigate further this system in ARH. Working with my graduate

student, Samuel Gallant, I examined regenerating and control adrenals 3,

5 and 8 weeks following surgery (Paper #6). We found that steroid llg

-hydroxylating activity of regenerating adrenal mitochondria was



significantly lower than normal, with a gradual return towards normal

rates of hydroxylation with increasing length of regeneration.

Apparently, this defect could be corrected by increasing NADPH levels in

these mitochondria. Measurements of 18-hydroxy-DOC production as well

as corticosterone showed that regenerating adrenal mitochondria had

lower rates of both 18 and 118-hydroxylation of added DOC than seen in

controls. After 3 and 5 weeks of adrenal regeneration, levels of

cytochrome P450 were 55 and 78 per cent, respectively, of controls,

while after 8 weeks the levels of this cytochrome were comparable to

controls. These studies also revealed that cytochrome oxidase, the

terminal oxidase of the classic respiratory chain, tended to be present

in higher concentrations (than in controls) after 3 or 5 weeks of

adrenal regeneration, at a time when cytochrome P450 levels were lower

than normal.

At this point I felt that we had good support for the original

hypothesis implicating lower steroid 118-hydroxylase activity in the

early stages of adrenal regeneration in the pathogenesis of ARH.

Measurement of microsomal cytochrome P450 showed that the levels in

regenerating adrenals at this cell location was also lower than in

normal adrenal tissue (Paper #7) . However, with the addition of

succinate and glucose-6-phosphate, the rate of 21-hydroxylation was high

enough so that all added progesterone was 21-hydroxylated by

regenerating adrenal homogenates. When NADP was also added, DOC still

accumulated in the 3 week regenerating adrenal homogenates, but a higher

rate of 118-hydroxylation was achieved after 5 or 8 weeks of

regeneration. When isolated mitochondria were examined, decreased NADPH

generation seemed to be involved in the lower rates of steroid 118-
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hydroxylation. The addition of NADPH gave rates comparable to those of

controls. Note that in these studies, incubation conditions v*>uld have

allowed NADPH entry into mitochondria.

Following these studies Skelton and I summarized the data

supporting my original hypothesis (Paper #8). Initial ultrastructural

studies on the regenerating adrenal showed a correlation between

mitochondrial fine structure and alterations in mitochondrial

hydroxylases. A detailed electron microscopic study of the adrenal

gland during the development of ARH was then done in collaboration with

Dr. Peter Nickerson who had joined our group in 1968 (Paper #9). In this

study, rats were examined at zero time; at 2, 4, 7 and 10 days; and at

2, 3, 5, 8 and 10 weeks after adrenal enucleation. Abnormalities in

mitochondrial ultrastructure were observed including reduction in the

number of vesicular cristae in zona fasciculata cells. Christensen's

group (14) had provided evidence that steroid llg-hydroxylase was

located in these inner membranes of adrenal cortex mitochondria. The

reduced numbers of cristae correlated well with the lower levels of

mitochondrial cytochrome P450 observed by Gallant and myself (Paper #6).

Thus, our data supported Christensen's conclusions on the location of

steroid 113-hydroxylase. Also convincing was the return to normal

numbers of vesicular cristae in zona fasciculata cell mitochondria by 8

weeks of regeneration. This also correlated well with the return to

normal levels of mitochondrial cytochrome P450.

Despite all of these interrelated results, I was always aware

that the hypothesis was on shaky ground because data were based solely

upon in vitro findings. The first real support for this hypothesis came

from the measurement of peripheral blood steroids by John Rapp (15),
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whose previous work on adrenal-regeneration hypertension had

contradicted mine. He had found that extracts of adrenal venous blood

from regenerating adrenals had less mineralocorticoid activity than in

controls (16) . Rapp adapted my method for plasma testosterone assay

using gas-liquid chromatography with electron capture detection, to

measure DOC in peripheral plasma of rats. He openly admitted that,

based on his experience with adrenal venous blood, he expected to

disprove the DOC hypothesis from such studies. Instead, he found that

DOC levels were about three times higher in experimental animals

compared to controls 3 weeks after adrenal enucleation. In these studies

the rats had been killed under quiescent conditions. Rapp made another

important contribution to our understanding of the functional state of

the regenerating adrenal when he found that peripheral levels of

18-hydroxy-DOC were much lower than in controls (17). His method for

18-hydroxy-DOC assay was, again, based upon gas-liquid chromatography

with electron capture detection. Naturally, I was delighted to see

Rapp's publications and, for our part, we abandoned any thought of using

adrenal venous blood collections to confirm the DOC hypothesis.

Clearly, Rapp's data did not support a role for 18-hydroxy-DOC in the

pathogenesis of ARH. We were convinced that the only approach was to

develop radioimmunoassays for plasma DOC and 18-hydroxy-DOC

determination. This kept our laboratory busy for about two years. In

the meantime, I decided to pursue my research along _in vitro lines and

to examine corticosteroidogenesis in the regenerating adrenal in a more

complete way.

The DOC hypothesis, with the implied defect in the activity of

steroid 116-hydroxylase, depends upon normal activity of cholesterol



side chain cleavage in the regenerating adrenal to produce the

precursors of DOC. At that time in my research, the best work on the

cholesterol side chain cleavage system was being done in Edinburgh in

Professor George Boyd's laboratory. Several years previously, Evan

Simpson and Professor Boyd had shown that the cholesterol side chain

cleavage enzyme was cytochrome P450 in nature (18). More recently,

Jefcoate, Hume and Boyd had produced the first reliable evidence that

there was a family of cytochrome P450's in adrenal cortex mitochondria

after having achieved a partial separation of cholesterol side chain

cleavage P450 ( P450scc) from 118-hydroxylase P450 ( P450H3) (19)*

Furthermore, techniques developed by Jefcoate and Boyd (20) for

examining the spin state of the P450scc provided information about the

extent of substrate (cholesterol) binding to the enzyme. For six months

in 1971, I was fortunate to spend a sabbatical working in Professor

Boyd's laboratory ,with Simpson and Jefcoate. My aim was to obtain

experience in studying the cholesterol side chain cleavage system,

which, since the work of Stone and Hechter (21), had been recognized to

be the rate-limiting step in corticosteroidogenesis. Clearly, I needed

to know the status of this enzyme system in the regenerating adrenal

cortex if I was to explain fully the events resulting in increased DOC

secretion.

Upon arriving in Edinburgh, Simpson, Jefcoate and I started to

examine the effect of ACTH upon the cytochrome P450 systems of the rat

adrenal cortex. Initially my major contribution was to ensure that we

could study rats under conditions of quiescence and stress. (Since we

were not skilled in hypophysectomy we could not isolate ACTH action on

the adrenal using that simple device). In addition, I worked with
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Simpson on the measurement of cholesterol side chain cleavage activity,

resulting in a better understanding of such assays using radioactively

labelled cholesterol and isolated adrenal mitochondria (Paper #10) .

Eventually, such methods were replaced in our studies by the

determination of the pregnenolone formed from endogenous cholesterol.

This pregnenolone assay method, perfected by Simpson, involved the use

of a steroid 33-ol dehydrogenase preparation, with the end-point being

the conversion of NAD+ to NADH. I set up a method for the measurement

of mitochondrial cholesterol based upon gas-liquid chromatography, while

Jefcoate continued to perfect light absorption methods for examining

P450-substrate interactions.

We showed that stress increased the rate of pregnenolone

formation from endogenous cholesterol; this could be readily

demonstrated in isolated adrenal mitochondria. Cholesterol levels in

freshly isolated mitochondria were not increased by stressing the rats,

but the depletion of cholesterol from the mitochondria during incubation

followed a similar pattern to pregnenolone formation (Paper #10) .

Changes in pregnenolone-induced Type II absorbance were measured in

adrenal mitochondrial preparations. The results indicated that stress

increased the formation of a cholesterol complex with side chain

cleavage P450. The work of Garren, Gill and coworkers (22) showing that

a labile or rapidly-turning-over protein was involved in ACTH action

upon the adrenal cortex, was complemented by our finding that the

stress-induced increase in cholesterol association with side chain

cleavage P450 (measured by the pregnenolone-induced Type II absorbance

change) was prevented or inhibited by pretreatment with the protein

synthesis inhibitor, cycloheximide. Further analysis of ACTH action on
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adrenal cortex mitochondria (Paper # 11) supported an action of the

rapidly-turning-over protein to alter the membrane environment of

cytochrome P450.

Upon returning to Buffalo I repeated some of the experiments

done ih Edinburgh, confirming the cholesterol side chain cleavage and

light absorption data. During a short visit by Simpson to my

laboratory, we did the experiments planned in Edinburgh. We obtained

adrenal mitochondrial samples from unstressed, stressed, and

cycloheximide plus stress groups and sent them to Professor Beinert's

laboratory in the Enzyme Institute in Madison, Wisconsin, where he and

his associate Dr. William H. Orme-Johnson had developed a system for

obtaining electron spin resonance spectra at liquid helium temperatures.

They had already used it to show that when camphor complexes with

cytochrome P450CAM there was a low to high spin change resulting in the

appearance of an augmented signal in the low field at g=8 (23). We were

delighted to find that stress brought about a significant increase in an

EPR signal at g=8.2 in isolated adrenal mitochondria (Paper #12).

Furthermore, this effect was prevented by prior treatment with

cycloheximide. Thus, the EPR data supported our hypothesis that stress,

presumably mediated by ACTH, induced a change in adrenal cortex

mitochondria leading to increased association of cholesterol with

cytochrome P450scc- We felt that, to a significant extent, this could

account for the action of ACTH upon cholesterol metabolism in the

adrenal.

I then proceeded to do further experiments on ACTH and adrenal

cytochrome P450 enzymes with my graduate student, Josephine Alfano. It



had teen well described that there was a significant sex difference in

adrenal cortical function in the rat: the female has larger adrenals

than the male and the female responds to ACTH or stress with greater

corticosterone secretion. Therefore, we decided to examine the

mitochondrial cytochrome P450 systems in male and female rats of two

strains under conditions of quiescence and stress (Paper #13). Our

experiments with rats of the Holtzman and Wistar strains confirmed the

previous findings of increased response to stress in the females. In

both males and females, we were able to demonstrate an increase in

cholesterol association with P450scc using pregnenolone-induced Type II

absorbance change assays. Concentrated samples of adrenal mitochondria

in EPR tubes were examined by Helmut Beinert and Bill Orme-Johnson, who

took a closer look at the low field portion of the EPR spectrum. They

found two distinct signals around g=8, not just one, as we had reported

previously (see Paper #12) . The signals occurred at g=7.9 and g=8.2.

The g=7.9 component was tentatively identified as the high-spin form of

P450ii£ since it was increased by the addition of DOC to the
mitochondria. The g=8.2 signal was assumed to be cholesterol-bound high

spin P450scc as it was that component that decreased upon addition of

large amounts of pregnenolone to the mitochondria. This study meant that

we now could separately quantitate the high-spin forms of the two

adrenal mitochondrial P450's. Both high-spin signals increased after

stress. The increase in g=8.2 signal was greater in female rats of both

strains compared to that seen in males. In addition, the g=8.2 signal

was greater in stressed female Holtzman rats than in Wistar females.

This may have been related to the higher levels of corticosterone

achieved after stress in the Holtzman animals. Overall, the variations
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in the size of the g=8.2 signal correlated well with the Type II

absorbance changes, the total cytochrome P450 of the adrenal

mitochondria, and the serum corticosterone levels of the various groups.

In this publication we also reported for the first time the

effects of ACTH administration to hypophysectomized rats on the adrenal

mitochondrial cytochrome P450 systems. Hypophysectomy was carried out

about 24 hours prior to intravenous injection of ACTH. Adrenal

mitochondria isolated from animals killed 10 minutes following ACTH

administration had dramatically higher rates of cholesterol side chain

cleavage. Although there was no measurable change in mitochondrial

cytochrome P450 concentration brought about by ACTH, there was a large

increase in the pregnenolone-induced Type II absorbance change and a

doubling in the g=8.2 signal.

At this time we also looked more closely at the effect of

cycloheximide treatment on the response of the adrenal mitochondrial

P450's to ACTH, capitalizing upon our ability to hypophysectomize large

numbers of rats. In effect, we repeated the experiment of Garren and

coworkers (24) in which hypophysectomized rats were given ACTH, followed

12 minutes later by administration of cycloheximide. When we monitored

the pregnenolone-induced Type II absorbance change, we saw a fast drop

in the magnitude of this measure of cholesterol association with side

chain cleavage P450. Assuming that cycloheximide was not having some

anomalous effect on the adrenal cortex, this supported Garren's proposal

that there was a rapidly-turning-over protein involved in ACTH action

upon corticosteroidogenesis. EPR spectra showed the rapid decrease in

the g=8.2 signal associated with the effects of cycloheximide. Alfano

and I, working with Beinert and Orme-Johnson from Madison, Wisconsin,



separated zona glomerulosa tissue from zona fasciculata-reticularis

tissue by the use of adrenal enucleation. We then proceeded to isolate

mitochondria from the capsular and decapsulate fractions following

treatment of hypophysectornized rats with ACTH (Paper #14) . ACTH

increased the rate of pregnenolone formation from endogenous cholesterol

in mitochondria from capsular as well as decapsulate tissue; this was

accompanied by corresponding increases in g=8.2 signals. Thus we had

evidence that ACTH affected both the mineralocorticoid and

glucocorticoid synthesizing cells of the adrenal cortex. There were

enough qualitative differences in the EPR spectra to suggest that the

effects of ACTH on the zona glomerulosa were real, and not due to

contamination with zona fasciculata-reticularis cells. It is well known

that treatment with ACTH increases aldosterone levels in animals and

man, and our studies clearly indicated that part of ACTH action is

mediated through an Increase in the so-called "early pathway" at the

level of cholesterol side chain cleavage.

Having gained extensive experience with the cholesterol side

chain cleavage system of adrenal cortex mitochondria, we returned to a

more detailed study of the pathogenesis of ARH. At this time, I was

working with another graduate student, Lloyd Bergon and with my

research associate. Dr. Samuel Gallant. Bergon and Gallant worked out

an excellent method for determining pregnenolone in incubates using

radioimmunoassay. The incubations were carried out in the presence of

cyanoketone, a compound which inhibits the further metabolism of

pregnenolone and allows accurate quantitation of cholesterol side chain

cleavage activity (see Paper #10). The pregnenolone radioimmunoassay

had a coefficient of variation of about 6 per cent at levels present in



incubates of adrenal mitochondria. In our study (Paper #15), we killed

rats 25 days following adrenal enucleation and compared them with the

usual controls. We selected this time period because it is close to the

time when one can easily show that hypertension is present in

adrenal-enucleated rats. This contrasts with other studies where

adrenal function had been evaluated long after hypertension had

developed and at a time when in our previous studies, we had shown that

cytochrome P450 and adrenal mitochondrial ultrastructure appeared

normal. We also built into the experimental design the study of animals

killed quiescently and after stess. Rapp had found elevated plasma DOC

in ARH when rats were killed quiescently (15) but in contrast found that

adrenal venous blood did not contain increased mineralocorticoids

compared to controls (16) . In this case, the rats were maximally

stressed by the anaesthesia used during blood collection. Similarly,

Melby and coworkers (25) had failed to show any increase of DOC in

adrenal venous blood of rats with ARH compared to controls. The results

from the quiescent sacrifice showed that cholesterol side chain cleavage

activity was higher in the ARH group than in controls. Likewise, there

was a corresponding increase in the pregnenolone-induced Type II

absorbance change. EPR measurements carried out on regenerating adrenal

mitochondria indicated the presence of a significant g=8.2 signal. The

effect of stress was to increase cholesterol side chain cleavage and

high spin P450scc to similar levels in control and ARH groups. Steroid

116-hydroxylase activity was lower in the ARH group than in controls.

Thus, as rats became hypertensive following adrenal enucleation,

cholesterol side chain cleavage activity was indistinguishable from

normal while steroid 116-hydroxylase activity remained impaired. These
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results support the DOC hypothesis for ARH and now explain how adequate

amounts of precursors to DOC can be formed in the regenerating adrenal.

Having obtained _in vitro evidence that hypersecretion of DOC was

involved in the pathogenesis of ARH related to low activity of steroid

11B-hydroxylase, we proceeded to seek further support for the DOC

hypothesis by measuring corticosteroid levels in peripheral plasma.

Several other workers in the field still remained unconvinced by our

evidence. Their disbelief was based upon the well-publicized finding by

Melby and coworkers (25) that DOC secretion in regenerating adrenal

venous blood never achieved as high concentrations as in controls.

However, it was DOC, of all the measured corticosteroids, including

corticosterone and 18-hydroxy-DOC, which returned towards normal

secretion most quickly. Because of the stress associated with

collection of adrenal venous blood, our experimental design included the

study of animals killed after a 10 minute ether anaesthesia stress. In

addition, we concentrated upon those time periods early in adrenal

regeneration when the blood pressures of the experimental group were

rising into the hypertensive range (>150 mm Hg).

Animals were killed in the morning under quiescent conditions at

18, 22, 25, 28 and 32 days after adrenal enucleation (Paper #16).

Serum DOC concentrations were measured using a radioimmunoassay method.

Separation of DOC from potentially interfering compounds was by

thin-layer chromatography on Kieselguhr plates making use of Zaffaroni

solvent systems. Rigorous evaluation showed that our method was

accurate, precise, specific and sensitive. DOC levels were

significantly higher in the rats bearing regenerating adrenals compared



to controls by 22 days following surgery and they remained significantly

elevated throughout the period of study. Serum corticosterone levels

were not significantly different between control and adrenal-enucleated

groups. In the groups killed after ether anesthesia stress, 25 days

post-surgery, animals with an intact adrenal achieved significantly

higher serum corticosterone levels. On the other hand, there was no

difference in DOC concentrations in serum between control and

experimental groups. This observation is consistent with the well known

effect of ACTH or stress on DOC secretion by the adrenal cortex

(26,27,28). Our studies agreed with those of Brown et al. (29) and Rapp

(15) concerning quiescently killed rats. The studies on the effects of

stress also helped to explain the data from studies in which adrenal

secretory rates were determined.

One unanswered question concerning the role of DOC in the

pathogenesis of ARH was - can the levels achieved bring about sufficent

hypernatremia, hypervolemia and hypertension? My research associate,

Dr. Samuel Gallant, approached this question in a novel way. He

proposed immunizing rats against DOC followed by adrenal-enucleation.

DOC linked through the 3, 6 or 21 positions to bovine serum albumin

(BSA) was used to actively immunize post-weaning rats. Six weeks later,

the usual surgical procedures were carried out to give a control group

in which rats were mononephroadrenalectornized and an experimental group

which also had a contralateral adrenal enucleation. Dr. Gallant

demonstrated that antibodies against DOC were present in these rats and,

furthermore, ARH was prevented or moderated by this treatment (30) .

Clearly, this study also supports the DOC hypothesis for ARH.

Immunization with DOC-21-hemisuccinate BSA conjugate was most effective
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in preventing ARH. In view of the cross reactivity of the antibody

produced with 18-hydroxy-DOC, this observation suggests that there may

be a role for this rat adrenal secretory product in ARH. Specifically,

it has been suggested from the work of Melby et al (25) and Shapiro and

Peron (31) that this weak mineralocorticoid may be important in

maintaining ARH after its development brought about by hypersecretion of

DOC.

My approach to the question of the role of the elevated DOC

levels in ARH was somewhat circuitous. I had always maintained that

much of the controversy about DOC's role was due to a failure to study

rats under normal conditions as opposed to stress. Our skill in studying

rats under quiescent conditions is demonstrated by basal levels of serum

corticosterone in female rats in our experiments of 3 micrograms per

cent and in male rats of 1 microgram per cent (Hie values quoted are for

animals which have not been sensitized to hypertension by
- - uninephrectomy). The literature is replete with studies where levels of

serum corticosterone in "quiescently" killed rats are as high as 20

micrograms per cent! My aim at this point was to examine the level of

DOC, 18-hydroxy-DOC and corticosterone throughout a 24-hour period.

Ideally one would like to measure 24-hour secretion rates in control and

experimental groups but although this is possible in man, it is not

possible in the rat. Therefore we decided to compromise by examining

peripheral levels of these corticosteroids at the high and low points of

the circadian rhythm.

Preliminary to this work my colleague, Dr. Samuel Gallant,

measured plasma DOC and corticosterone levels in quiescently killed rats

at the high and low point of the circadian rhythm of adrenal cortical



activity (32), i.e. at the beginning of the dark period and the

beginning of the light period, respectively. We then proceeded to

measure DOC, 18-hydroxy-DOC and corticosterone in peripheral blood at

similar times in control and adrenal-enucleated rats, 2 weeks following

surgery (Paper #17). 18-Hydroxy-DOC and corticosterone levels were not

significantly different between experimental and control groups killed

at the low point of the circadian rhythm (0800 h). However, DOC levels

were 6.5 times greater in rats with regenerating adrenals than in the

control group. Serum 18-hydroxy-DOC and B levels increased 12 and 20

fold respectively at the high point of the circadian rhythm (1800 h) in

control animals. However, serum B and 18-hydroxy-DOC levels at 1800 h

in the experimental group were barely elevated over those seen at 0800

h. In contrast, serum DOC, which showed a 3.5 fold increase at 1800 h

compared to 0800 h in the controls, also increased (2-fold) in

experimental animals. The levels of DOC may be high enough to bring

about significant sodium retention and hypervolemia leading to

hypertensive cardiovascular disease. The data contribute to the DOC

hypothesis in ARH: the decrease in 116- and 18-hydroxylase was most

readily demonstrable at the high point of the circadian rhythm. These

findings, coupled with those in Paper #16, illustrate the importance of

determining steroid profiles in quiescent animals and at various times

of the day. In most of the literature, there is no mention of the time

of day when blood samples were obtained. However, when the time is

reported, blood was invariably withdrawn in the morning when adrenal

cortical activity is at its lowest (33).

As a conclusion to this commentary on my work in the ARH model,

I want to re-emphasize that my experiments, both Jri vitro and in vivo,
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support the DOC hypothesis. They do not exclude the possibility that

some other secretory product of the regenerating adrenal could be

involved. In fact, it is my opinion that the circulating levels of B

and 18-hydroxy-DOC are also important. At present, we are trying to

evaluate the significance of 19-nor-DOC in the pathogenesis of ARH.

Gomez-Sanchez et al. (34) have found that this unusual steroid is

present in increased amounts in the urine of rats with regenerating

adrenals. Also, we have not yet addressed the question of what is

controlling the regeneration of the adrenal in this model. This may be

important in explaining both the adrenal cortical dysfunction present

immediately after adrenal enucleation leading to sodium retention (35) ,

and the differential regeneration of P450SCC and P450ng. Some of the

answers to this question may involve our recent finding of another

pituitary-derived peptide which may synergize with ACTH in controlling

corticosterone and aldosterone secretion. Work with my graduate

student, Robert Pedersen, points to a peptide from the gamma-MSH region

of the pro-ACTH/endorphin precursor having this activity (36,37). We

are studying gamma-MSH peptides and ACTH during adrenal cortex

regeneration and in ARH.



27

Section B: Androgen-Induced Hypertension

In 1952, Skelton examined the potential that androgens had for

inhibiting the nephrosclerosis brought about by deoxycorticosterone

acetate (DOCA) treatment. Selye and Rowley (38) had found that

17a-methyltestosterone (MT) was an effective inhibitor but Skelton

decided to seek a less potent androgen for such treatment. Skelton, who

was then taking his Ph.D. with Hans Selye at the Universite de Montreal,

treated a group of animals with the very weak anabolic androgen,

17a-methylandrostenediol (MAD). To his surprise and interest, he found

that the rats in this "control" group developed hypertension,

nephrosclerosis and cardiac lesions (39). Salgado and Selye (40)

confirmed Skelton's report of MAD-induced hypertension. They reasoned

that the adrenal cortex might be implicated, while Skelton thought that
i
I

he was dealing with the mineralocc/ticoid activity of MAD itself.

Salgado and Selye then proceeded to prove their hypothesis by showing

that hypertension did not develop in MAD-treated adrenalectomized rats

(41).

From the time vrtien Skelton and Salgado and Selye published their

findings until 1967, only one relevant paper appeared on the effect of

MAD upon adrenal cortical function. Saffran and Vogt in 1960 (42)

observed that MAD treatment lowered corticosterone output in adrenal

venous blood of rats. Their observations provided no direct clue to the

pathogenesis of this form of experimental hypertension, since

hypertension is usually associated with hyperactivity of the adrenal

cortex, as in Conn's Syndrome and Cushing's Syndrome. A few years after

arriving in Buffalo and following many _in vitro experiments with the



regenerating adrenal, I decided to address the problem of the

pathogenesis of MAD-induced hypertension. An approach was used similar

to that employed in the study of ARH. Rats which had been treated for

varying lengths of time with MAD were killed, adrenals removed and the

metabolism of labelled progesterone studied. The results of these

experiments were presented to the conference on "Functions of the

Adrenal Cortex" and at "Conference Selye" in 1967 (Papers #5 and 18) .

In these homogenate incubations, I measured the conversion of added

progesterone to B, 18-hydroxy-DOC and DOC as well as unmetabolized

progesterone. Whereas B and 18-hydroxy-DOC were the major products in

control adrenal homogenate incubations, DOC was the major product of

adrenal incubates from MAD-treated animals. This dramatic change in the

steroid profile could be seen as soon as 5 days after initiation of

daily injections of MAD. The derangement in corticosteroidogenesis

brought about by treatment with MAD was not overcome by addition of NADP

to the homogenates.

I next tried to explain the low llg- and 18-hydroxylase

activities of adrenals from androgen-treated animals. In preliminary

studies (Paper #5), I found that direct addition of MAD to normal

adrenal homogenates did not affect significantly the metabolism of added

progesterone. However, Saffran, Birmingham and coworkers (43) had just

found that there was some conversion of MAD in adrenal cortical tissue

to MT. When I added MT to normal adrenal homogenates, there was

significant inhibition of 113- and 18-hydroxylase activity (Paper #7).

From these two experiments, I hypothesized that increased secretion of

DOC in MAD-induced hypertension was due to intra-adrenal conversion of

MAD to MT and that the MT inhibited steroid 118-hydroxylase. The
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demonstration by Sharma, Forchielli and Dorfman (44) that testosterone

was a competitive inhibitor of adrenal steroid llg-hydroxylase supported

my hypotheses. Skelton's ultrastructural studies also corroborated the

DOC hypothesis: MAD treatment caused gross changes in the fine

structure of adrenal cortex mitochondria (Papers #5, 18). Specifically,

the number of vesicular cristae was dramatically reduced, indicating

some alteration in the inner membrane steroid hydroxylases.

Direct evidence for the role of DOC also came from Hyde and

Daigneault (45). They treated rats with MAD and observed increased DOC

secretion in adrenal venous blood. My laboratory, particularly Agostino

Molteni and Howard Colby, pursued this problem further by examining the

hypertensinogenic potential of treatment with MT and testosterone. This

treatment produced a form of hypertensive cardiovascular disease similar

to that resulting from MAD treatment (Papers #19,20). In the case of

MT-induced hypertension, corticosteroidogenesis was altered as with MAD.

DOC was the major product formed when adrenal homogenates were incubated

with labelled progesterone. Similar results were obtained in

testosterone-induced hypertension and, significantly, in both male and

female rats. The latter observation suggests that the effect,

originally described in female rats, was not due to altered ovarian

function leading to altered adrenal cortical function.

At this time, we developed a gas-liquid chromatographic method

for measuring DOC in peripheral plasma, a modification of the method

devised by Henk van der Molen and me for plasma testosterone assay (46).

It depends upon the formation of a steroid derivative, in this case

DOC-acetate, which has electron affinity. We divided our

testosterone-treated animals into two groups according to their systolic



blood pressure. The less severely hypertensive group had plasma DOC

levels 7-fold greater than in controls, while the more severely

hypertensive group had a 15-fold increase. These animals had been

killed under quiescent conditions. These data indicated that the DOC

hypothesis could be supported by assays in plasma of the precursor which

should accumulate if inhibiton of steroid llg-hydroxylase is involved in

the pathogenesis of androgen-induced hypertension.

My next approach to this problem was to demonstrate a primary

role of the adrenal in androgen-induced hypertension. In confirmation

of Salgado and Selye's findings with MAD (41), we found that

hypertensive vascular disease failed to develop in androgen-treated

adrenalectomized rats (Paper #21), even if the animals received daily

maintenance doses of corticosterone. In another study (Paper #22)

hypophysectomized rats treated with MAD, MT or testosterone did not

develop hypertensive vascular disease. Therefore, stimulation of the

adrenal by ACTH seemed to be important in maintaining hypersecretion of

DOC following androgen treatment. Although hypersecretion of DOC

appears to be involved in the development of MAD-induced hypertension,

withdrawal of MAD after 10 weeks of treatment, leads to restoration of

normal corticosteroidogenesis in adrenal homogenates (Paper #23).

However, the 10 weeks of adrenal cortical dysfunction results in a

"metacorticoid hypertension", similar to a finding in animals treated

for several weeks with DOC (47).

Soon after the start of my studies of the pathogenesis of

MAD-induced hypertension, I examined adrenal mitochondrial cytochromes

with my graduate student, Samuel Gallant, in the laboratory of the late

Dr. Willard B. Elliott. We treated rats with MAD for 2 weeks and found



profound alterations in the concentration of several cytochromes (Paper

#24). MAD treatment significantly decreased adrenal mitochondrial

cytochrome P450, with an apparently associated rise in cytochrome

oxidase. We assumed that the change in cytochrome P450 was related to

the decrease in steroid 113-hydroxylase activity. The increase in

cytochrome oxidase resulted in mitochondria similar to liver

mitochondria: they had significant ADP:0 ratios, in contrast to normal

adrenal mitochondria. In addition, these mitochondria had efficient

respiratory control. Apparently, this increase in activity of the

classical respiratory chain only involved the terminal oxidase since

there was no change in cytochromes b, c and ci. Extending these studies

to MT-treated animals, we showed changes in adrenal mitochondrial

cytochromes similar to those seen with MAD treatment.

Continuing the above studies, I observed a decrease in

cytochrome P450 and the inhibition of steroid 113-hydroxylase in animals

treated with MAD plus ACTH (Paper #25). Thus the action of androgens on

adrenal cytochromes was not mediated by a decrease in ACTH. If

androgens were acting solely as potential inhibitors of steroid

113-hydroxylase, treatment with an androgen containing an 113-hydroxyl

group would have had no effect. Direct addition of the synthetic

androgen, 113-hydroxy-MT to normal adrenal homogenates did not inhibit

corticosterone formation from progesterone. However, vrfien rats were

treated for two weeks with 113-hydroxy-MT, corticosteroidogenesis in

adrenal homogenates was impaired as in MAD or MT treatment.

Furthermore, adrenal mitochondrial cytochrome P450 levels were lower

than in controls. In another study (Paper #26), I proved that the

decrease in P450 was not due to an effect of androgens on the assay of
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P450. An independent assay of P450 (pyridine hemochromogen) gave

identical results to those where P450 was measured by the classical

method using spectra of the reduced P450-carbon monoxide complex.

Continuation of these studies was facilitated by the acquisition

of an Aminco-Chance dual wavelength/split beam spectrophotometer and the

cooperation of Drs Evan Simpson and Ronald Estabrook from the

Biochemistry Department at Southwestern Medical School in Dallas, Texas.

Treatment with MAD or MT led to a substantial decrease in the

DOC-induced Type I absorbance change in adrenal mitochondria. MT was

especially effective in lowering this absorbance change, compared to

controls. Presumably, MT is bound to P450H8, accounting for the

inhibition of the enzyme and hypersecretion of DOC. In addition, there

is a component related to actual decrease in the amount of cytochrome

P450 but, at this time, our analysis was incomplete in that it did not

include studies on P450scc. With my graduate student, Howard Colby, I

carried out experiments on the effect of the naturally occurring

androgens, testosterone, androstenedione and dehydroepiandrosterone, on

the adrenal cortical HB-hydroxylase system (Papers #27, 28, 29). We

found some evidence that steroid llg-hydroxylase was impaired more by

the binding of androgen to P450ng, than by a decrease in actual amount

of the cytochrome P450.

The mechanism by which excess DOC secretion occurs in

androgen-induced hypertension was not clarified until we developed other

methodologies. In addition, we had to take into consideration the

circadian rhythm of adrenal cortical activity. Until recently, we

measured steroid 11B-hydroxylase activity in adrenal mitochondria



employing a method commonly used in most other laboratories. DOC was

added to the mitochondria along with a source of reducing equivalents.

The B formed was quantitated after extraction into methylene chloride

and development of fluorescence in sulphuric acid. Unfortunately, this

method did not permit quantitation of the extent of formation of

18-hydroxy-DOC, a weak mineralocorticoid of interest in adrenal-related

hypertension. Furthermore, there is now some evidence that a single

enzyme catalyzes 11 g- and 18-hydroxylation of DOC. One way I used to

circumvent this problem was to incubate mitochondria with radioactively

labelled DOC and separate the B and 18-hydroxy-DOC formed by paper or

thin-layer chromatography. Quantitation of products came from scanning

of the radiochromatograms. In 1977, we decided to experiment with the

use of high-pressure liquid chromatography. We succeeded in finding a

system where B, 18-hydroxy-DOC and DOC were quickly separated and the

amounts present in an extract quantified by U.V. absorption at 254 nm.

In this way, we obtained a simultaneous assay of 118- and 18-hydroxylase

activities in zona fasciculata-reticularis tissue (Paper #30) . An

adaptation of this method has allowed us to measure steroid

21-hydroxylase in adrenal microsomes and the "late pathway" of

aldosterone biosynthesis in zona glomerulosa mitochondria.

Another enzyme important in analyzing the effects of androgen

action on corticosteroidogenesis catalyzes cholesterol side chain

cleavage. As mentioned in the section on ARH, Lloyd Bergon's sensitive

radioimmunoassay for pregnenolone could be used to quantitate the

activity of this system. In addition, I had helped to develop methods

for studying cholesterol association with cytochrome P450scc of adrenal

mitochondria. I introduced another way of quantitating cholesterol



association with P450scc based on my finding of the temperature

dependence of that interaction (Paper #31). My student, Douglas Paul,

and I showed that whereas DOC would bind to the P450ng at 0° C giving

a Type I absorbance change and a high spin signal at g=7.9, cholesterol

was not associated with P450scc at that temperature, and there was no

EPR signal at g=8.2 (Paper #32). As the mitochondria warmed to 37° C

(in the absence of a source of reducing equivalents), cholesterol

associated with P450scc giving a Type I absorbance change, typical of

substrate binding to P450. This was a more direct way of showing the

potential for cholesterol metabolism in adrenal mitochondria. This

"heat-generated Type I absorbance change" (HGI) increased after stress

or treatment with ACTH (Paper #33); it equated well with the

pregnenolone-induced Type II absorbance change described by Jefcoate and

Boyd (20). The rate of cholesterol association with P450scc over a

range of temperature (e.g. 10-20° C) has been valuable in my analysis of

the cholesterol side chain cleavage system in the adrenal cortex related

to the circadian rhythm (Paper #34).

Next in my investigation of the pathogenesis of androgen-induced

hypertension was the application of these new methods for measuring

steroid hydroxylases and cholesterol side chain cleavage activity. By

examining control and androgen-treated animals at various times during

the day, we correlated _in vitro assays of the corticosteroid

biosynthetic pathway with plasma levels of B, 18-hydroxy-DOC and DOC.

This enormous undertaking was carried out by a graduate student, Carol

Fink, and in collaboration with Dr. Samuel Gallant (Paper #35).

Rats were treated for 2 or 4 weeks with daily injections of MAD.

During the treatment period, rats were handled twice daily, a procedure



which helps to insure quiescent kills. When animals were to be killed,

stress was minimized by having 5 people enter a holding room and

decapitating rats within 12 s of their entry into the room. That room

was not re-entered, but rats were killed in a similar manner in two

other holding rooms in our animal unit. Rats were killed at 0600, 1200,

1800 and 2400 h; individual blood samples were obtained. The adrenal

tissue, pooled from control and MAD-treated groups at each time point,

was obtained quickly by using an situ adrenal enucleation technique

which I had introduced. We successfully obtained zona

fasciculata-reticularis tissue virtually free from zona glomerulosa

cells and the adrenal capsule. Adrenal mitochondria were prepared for

use in the assay of steroid llB-/18-hydroxylase and cholesterol side

chain cleavage, as well as for determination of cholesterol and DOC

association with P450SCC and P450HB, respectively. Serum steroid

assays included corticosterone, 18-hydroxy-DOC and DOC.

Both control and MAD-treated groups showed a circadian rhythm in

adrenal cortical activity, expressed by elevated levels of all three

corticosteroids at the 1800 and 2400 h time periods. This indicated an

intact hypothalamic-pituitary-adrenal axis in the androgen-treated rats;

it correlated well with the inhibition of androgen-induced hypertension

by hypophysectomy (Paper #22). DOC levels in serum were higher in

MAD-treated animals than in controls at all time periods, but the

increase was most marked at 1800 and 2400 h. Increased DOC secretion in

androgen treated groups was caused by low steroid 11 B-/18-hydroxylase

activity in the adrenal tissue. For the first time, we showed that

cholesterol side chain cleavage activity was, if anything, higher in

MAD-treated groups especially at the low point of the circadian rhythm.



In addition to these insights on the nature of the adrenal cortical

dysfunction, we discovered that in androgen-treated animals, the

activity of cholesterol side chain cleavage would not limit production

of DOC. This is the only published report where peripheral blood

corticosteroids have been measured in MAD-induced hypertension. In

general, the data supported the report by Hyde and Daigneault (45) that

DOC secretion was higher and corticosterone secretion lower, in adrenal

venous blood from MAD-treated rats. Recently Melby's group (48)

confirmed that observation, with the additional finding that

18-hydroxy-DOC secretion was lowered by the androgen treatment. The

advantage of our study is that we used unstressed intact animals and

obtained information about potential hypertensinogenic corticosteroids

at several times during the normal circadian rhythm of adrenal cortical

activity. In addition, we appear to be the only group trying to explain

the disturbance in corticosteroidogenesis from the study of enzymes

involved in the biosynthetic pathway.

What is the possible relationship of our studies on the

pathogenesis of androgen-induced hypertension to human hypertension? My

work has stimulated several groups to consider the effect of androgens

upon the adrenal cortex in the development of hypertension. Genest and

coworkers (49) and Sekihara and coworkers(50), have data suggesting that

excess androgen production occurs in essential hypertension. Professor

Maria New at Cornell University Medical Center (51) has evidence that in

hypertensive adolescents with dexamethasone suppressible

hyperaldosteronism, elevated androgens may be the cause of an associated

increase in the level of DOC in blood. High doses of androgens have

been used in the treatment of breast carcinoma and to bring about a
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positive nitrogen balance in the elderly. It would be interesting to

examine whether or not there are then significant increases in blood

pressure resulting from such long-term treatment.
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SECTION C: Metopirone-Induced Hypertension

Having established that adrenal cortical function in ARH and

MAD-induced hypertension was related to inhibition of steroid

118-hydroxylase and hypersecretion of DOC, I was interested to

investigate whether hypertensive vascular disease would be produced by a

drug known to be an inhibitor of 113-hydroxylase (Paper #36).

Metopirone (SU4885; metyrapone) inhibits steroid 118-hydroxylase and

this property is used in a test of the integrity of the

pituitary-adrenal axis (52,53,54). With metopirone treatment, the

adrenal cortex should be under the influence of chronically increased

blood ACTH; such a model would be more similar to the human adrenal

hyperplasias (e.g. congenital adrenal hyperplasia and Cushing's

disease), than the androgen-induced hypertension model.

Rats were given 10 mg of metopirone by intraperitoneal injection

once or twice daily for six weeks. Systolic blood pressures increased

in both regimes with higher values occurring in animals injected twice

daily. With that regime there was a significant increase in adrenal

weight. This contrasts with MAD treatment where there is adrenal

atrophy. The metopirone treated rats showed cardiac and renal

hypertrophy: vessels in the heart underwent sclerotic changes and the

kidney showed glomerular hyaline degeneration, arteriolar sclerosis and

dilated tubules. Treatment with two doses of metopirone daily also led

to hypernatremia and hypokalemia, as seen in rats secreting increased

amounts of mineralocorticoid. Inhibition of steroid 118-hydroxylase was

not demonstrated in rats killed 24 hours after the last treatment with

metopirone, but there was evidence of inhibition in adrenal homogenates



prepared 1 or 4 hours after injection of metopirone. As a result, DOC

accumulated in the incubation medium. In addition, metopirone treated

animals had increased DOC concentrations in peripheral plasma. This

observation provides confirmation that inhibition of steroid

116-hydroxylase had occurred.

Colby and I then examined the DOC-induced absorbance change in

adrenal mitochondria isolated from rats at various time intervals after

a single injection of metopirone (Paper #37) . We found a significant

reduction in the magnitude of the DOC-induced Type I absorbance change

for the first 4 hours after administration of the drug. After 8 hours,

the change was similar to that seen in control adrenal mitochondria.

The metopirone-induced absorbance change was also lower in adrenal

mitochondria isolated from metopi rone-treated animals. Restoration to

normal occurred later than the DOC-induced Type I absorbance change.

The apparent continued presence of metopirone associated with cytochrome

P450H8 seemed to be correlated with the activity of steroid

116-hydroxylase. Our experiments supported the observation by Sprunt

and Hannah (55) that a reduced metabolite of metopirone, SU5236, may be

formed following administration of metopirone and that it might act as

an inhibitor of steroid llg-hydroxylase. Birmingham and Kraulis (56)

had reported that SU5236 did not inhibit steroid HB-hydroxylation

whereas Sprunt and Hannah had found significant inhibitory activity in

this compound. To help resolve this controversy, Colby and I compared

metopirone and SU5236 (Paper #38). We found that both acted directly on

adrenal cortical mitochondria to inhibit the 118-hydroxylation of DOC.

Furthermore, both compounds were inhibitors of this reaction when

injected into rats. Adrenal mitochondria isolated from metopirone or



SU5236-trated rats had lower DOC-induced Type I absorbance changes.

These simple experiments added to our understanding of how

hypersecretion of DOC by the adrenal cortex could lead to hypertensive

vascular disease. We demonstrated that metopirone injected into rats

inhibited steroid llg-hydroxylase and our studies showed that both

metopirone and its reduced metabolite could be involved in that

inhibition of corticosteroidogenesis. Our model more closely resembled

the hypertensive form of congenital adrenal hyperplasia than the one

where DOC itself is injected or implanted. A drug-induced alteration in

the activity of steroid llg-hydroxylase could result in hypertension.
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Section D: Hypertension in Rats Bearing Mammotropic Pituitary Tumours

Early in 1969, Dr. Peter Nickerson obtained from Dr. Robert

Bates at N.I.H. the transplantable mammotropic pituitary tumour, MtTF4.

Dr. Jacob Furth had developed this tumour by treating rats with large

amounts of stilboestrol. This tumour secretes enormous amounts of

various pituitary hormones, permitting us to study effects of these

hormones upon adrenocortical function and structure. Of particular

interest to me were possible growth hormone/ACTH interactions at the

level of the adrenal cortex. Bates had already shown (57) that rats of

the Fischer 344 strain with a functional MtTF4 tumour, had a 6000-fold

increase in circulating ACTH, and a 30-fold increase in growth hormone

and prolactin. He also had found that corticosterone levels in blood of

tumour-bearing rats were lower than expected with such enormous

circulating concentrations of ACTH (58). In addition, Bates and

coworkers (59) had already studied the metabolism of progesterone in

homogenates of the large adrenals present in tunour-bearing animals, and

had found that no B or 18-hydroxy-DOC was formed. Given these data and

a promising animal model, I was stimulated to proceed with my studies.

We transplanted the MtTF4 tumour into Fischer 344 rats and

examined adrenal cortical structure and function at the end of the rapid

phase of tumour growth (Paper #39). We observed a 14-fold increase in

adrenal weight. The adrenals were overtly hyperplastic. Adrenal

homogenates were prepared and incubated with labelled progesterone and a

source of reducing equivalents. Whereas control adrenal homogenates

formed 18-hydroxy-DOC and B efficiently, homogenates of the hyperplastic

adrenals produced little of these normal end-products. However, the



progesterone was metabolized efficiently to DOC. Adrenal mitochondria

isolated from tumour-bearing rats had half the 118/18-hydroxylating

activity measured in controls. Similarly cytochrome P450 concentrations

in mitochondria isolated from the tumour-bearing animals were

approximately 50 per cent lower than controls. Ultrastructural studies

by Dr. Peter Nickerson indicated that the mitochondrial cristae were

reduced in number in hyperplastic adrenals compared to controls.

Furthermore, he found evidence of proliferation of smooth endoplasmic

reticulum membranes in the enlarged adrenals. Although accurate assay

of microsomal P450 was precluded by the large amount of hemoglobin in

the homogenates of the hyperplastic adrenals, there was no parallel

decrease in microsomal P450.

Plasma corticosterone levels in the tumour-bearing rats were

elevated about 2-fold over that seen in controls. Since our rats were

not killed under quiescent conditions, we could not assess with

confidence the plasma B levels of tumour-bearing rats relative to

controls. Measurements of DOC in the plasma of these groups indicated

that tumour-bearing rats had approximately a 35-fold increase in the

blood concentration of this mineralocorticoid, due to the decrease in 118

/18-hydroxylase activity. A detailed analysis of the ultrastructure of

the adrenal cortex in tumour-bearing rats (Paper #40) showed that by 2

weeks after tumour transplantation, adrenal mitochondria in the

experimental group were characterized by reduced numbers of cristae. As

observed in the early stages of adrenal regeneration, these cristae
i ■

tended to be arranged around the periphery of the mitochondria. In

contrast, the cristae in the normal rat adrenal zona fasciculata cell,

appear throughout the mitochondria. By 4 to 6 weeks of tumour growth,
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the alteration in zona fasciculata mitochondria became more common in

correlation with greater impairment in corticosteroidogenesis and lower

levels of cytochrome P450.

Thus, tumour-bearing animals exhibited significant adrenal

cortical dysfunction and inordinately high levels of DOC. Autopsy of

these animals revealed significant renal and cardiac hypertrophy. In

view of the well-known hypertensinogenic property of DOC, I was

convinced that these rats must be hypertensive. That no hypertension

had been noted in previous studies was not surprising since when tumour

growth was allowed to proceed for several weeks, the general health of

the animals deteriorated rapidly.

I then decided to monitor the blood pressure of tumour-bearing

rats on a weekly basis following tumour transplantation and to determine

the effect of the usual sensitization procedures - high sodium chloride

intake and mononephrectomy (Paper #41). This was done in collaboration

with my research associates, Drs Agostino Molteni, Peter Nickerson and

with John Latta, a graduate student, who had developed a

radioimmunoassay for measuring DOC in peripheral plasma. We found that

blood pressure increased in relation to the growth of the tumour in

Fischer 344 rats. The rate of increase in blood pressure was greater

when 1 per cent sodiim chloride replaced tap water as drinking fluid.

This increase in rate was even more pronounced in rats which were

mononephrectomized as well as given sodium chloride drinking fluid. The

general condition of sensitized animals which had tumours, deteriorated

at an even faster rate than non-sensitized, tumour-bearing rats. In all

groups the hypertension was transient.

About one week after the peak of the hypertension, the animals
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lost weight dramatically and died. Kidneys and hearts from all

hypertensive groups showed gross and microscopic lesions typical of

hypertensive vascular disease. Also present were hypernatremia,

hypokalemia and decreased renal renin. These changes were presumably

brought about by the increased secretion of DOC in all tumour-bearing

groups. Plasma DOC levels were directly related to the extent of the

adrenal cortical dysfunction, which was greater the longer the tumour

had been growing in the rats. This agreed with our previous findings

(Paper #40) that the change in adrenal mitochondrial cytochrome P450,

evident after 6-8 weeks of tumour growth, was associated with the

greatest alterations in mitochondrial fine structure.

In order to demonstrate the primary role of the adrenal in this

form of experimental hypertension, we extended our studies to include

bilaterally adrenalectomized animals. Hypertension did not occur in

tumour-bearing adrenalectomized groups, despite maintenance with daily

injections of corticosterone. There was no hypertension in

adrenalectomized groups, and their blood pressures were

indistinguishable from those measured in controls. Thus, we established

the essentiality of the adrenal in this hypertension model.

In subsequent experiments, hypertension developed in

tumour-bearing rats, even on a sodium deficient diet (Paper #42) .

However, vascular damage and renal and cardiac lesions were minimal in

the absence of dietary sodium.

Our studies of the MtTF4 tumour over the next few years

indicated that with continuous passage from rat to rat (compared to

maintainence in the frozen state) , there was a loss in ACTH secretion

relative to growth hormone and prolactin. This decrease in ACTH
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secretion was evident from the decreased adrenal hypertrophy of

tumour-bearing animals. Transplantation in Fischer 344 rats of the

original tumour, frozen for 3 years, continued to result in

significantly increased blood pressures, renal and adrenal hypertrophy .

The tumour transplanted after 15 passages in our laboratory, did not

result in hypertension and renal hypertrophy was significantly less

than with the original tumour (Paper #43) . The importance of adrenal

changes to the production of hypertension, was suggested by the

observation that rats implanted with tumour maintained by passage in our

laboratory, had adrenal cortical fine structure quite similar to that of

controls. In particular, the adrenal mitochondrial cristae of many

cells appeared normal.

The MtTF4 tumor cannot easily be used to determine the

contribution of each hormone secreted in increased amounts, to the

development of adrenal cortical dysfunction. Therefore, we tried

another mammotropic pituitary tumor, MtT-WlO, which produces growth

hormone and prolactin, but little ACTH. Although there was a two-fold

increase in adrenal weight produced by growth of this tunour, there was

no evidence for hypertension. However, rats of the Wistar/Furth strain

have to be used in order to obtain tunour growth; this strain seems to

be insensitive to mineralocorticoid-induced hypertensive vascular

disease (see Section E).

In other studies, Dr. Peter Nickerson examined the effect of

exogenous injections of purified bovine growth hormone on adrenal

cortical structure (60). He was unable to reproduce the effect of the

MtT-WlO tumour by injected growth hormone. The best explanation for

this was the unlikelihood of achieving by injection circulating levels



of hormone as high as those present in tumour-bearing animals. In rats

bearing the MtT-WlO tumour, there was no decrease in the number of

vesicular cristae in zona fasciculata mitochondria. In our previous

studies this change has correlated with reduced levels of cytochrome

P450 and lower activity of steroid 113/18-hydroxylase (cf, ARH and

androgen-induced hypertension). Excess secretion of ACTH appeared to be

necessary for abnormal adrenal cortical function to be present.

ACTH-directed alterations in adrenal structure and function in patients

with pituitary-dependent adrenal hyperplasia, could explain the excess

DOC production which has been reported in some studies (61,62,63). DOC

secretion in patients with adrenal hyperplasia is ACTH dependent, in an

acute sense. Our studies raise further questions about chronic effects

of ACTH on the enzymes of the corticosteroid biosynthetic pathway. Any

such alterations, if they lead to increased DOC secretion, could be a

component in the etiology of the hypertension in Cushing's syndrome.
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Section E: Resistance to Mineralocorticoid-Induced Hypertension

In the early 1970's, I was stimulated by the observation that

many of the control rats of the Holtzman strain (a Sprague-Dawley

derivative) developed hypertension following the usual sensitization

procedure. This meant that if, in our experiments, we were dealing with

mild hypertension, just one or two hypertensive rats in a control group

would distort the data. Since we had been using rats of the Fischer 344

strain for studies of the MtTF4 tumour, Dr. Agostino Molteni and I

decided to compare the relative sensitivity of those two strains to

sensitization as well as the Long-Evans and Charles River CD strains.

Our aim was to identify a strain in which the control animals would not

develop salt-induced hypertension associated with sensitization, while

maintaining their sensitivity to various hypertensive regimes.

Holtzman rats proved to be exquisitely sensitive to excess

sodium chloride and mononephrectomy (Paper #44). The incidence of

salt-induced hypertension was 26 per cent in this strain. In contrast,

there was only a 10 per cent incidence in the Fischer 344 rats. In

sensitized Charles River CD and Long-Evans rats, hypertensive vascular

disease did not develop. The high incidence of hypertensive vascular

disease in Holtzman rats may be due to the high sodium chloride intake

of that strain. Fischer 344 and Long-Evans rats had much lower intakes

of sodium chloride. Charles River CD rats had similar saline intake to

Holtzman rats, suggesting a greater resistance to high salt intake

compared to Holtzman rats. Hall and coworkers (64) confirmed our finding

of the relative resistance of Long-Evans rats to salt-induced

hypertension. Their studies also showed that Fischer 344 rats were more
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resistant than Sprague-Dawley rats to sensitization and salt loading

(65).

The Wistar/Furth (W/Fu) strain which we had employed for studes

of the MtT-WlO tumour, then received our attention. As mentioned in

Section D, there was evidence for alterations in adrenal cortical

structure in rats with a functional MtT-WlO tumour, without associated

hypertension. My first approach was to evaluate the susceptibility of

the W/Fu strain to adrenal regeneraton hypertension. These rats did not

develop hypertension (Paper #45) despite a significant increase in

kidney and heart weight. These enlarged organs, usually prime targets

for cardiovascular lesions, were essentially lesion-free. Electron

microscopic studies of the regenerating adrenals from W/Fu rats revealed

the usual changes in mitochondrial vesicular cristae. In the Holtzman

strain, these changes result in low levels of adrenal mitochondrial P450

and low activity of steroid llg/18-hydroxylase (see Section A).

The lack of hypertensive vascular disease in the W/Fu rats with

regenerating adrenals could have been due to lower DOC levels during

adrenal regeneration. Accordingly, we measured DOC and B levels in

peripheral plasma of control and experimental groups of W/Fu rats (Paper

#46). The studies were done after 32 days of adrenal regeneration, when

Holtzman rats would have been hypertensive and have had elevated blood

DOC concentrations (Paper #16). None of the W/Fu rats with regenerating

adrenals were hypertensive at that time, despite elevated plasma DOC

levels compared to controls. The DOC levels in W/Fu rats with

regenerating adrenals were slightly higher than those we had previously

reported for Holtzman rats (see Paper #16). Control W/Fu rats also had

DOC levels higher than found in control Holtzman rats. A repeat study



confirmed this observation and, in addition, showed that plasma DOC

increased similarly in control and adrenal-enucleated groups after ether

stress. The levels of DOC achieved by W/Fu rats after stress were

significantly lower than by Holtzman rats. Rats with regenerating

adrenals showed the expected decreased response of plasma corticosterone

to stress. These data are all consistent with what I had observed

previously with the Holtzman rat. Clearly, adrenal cortical dysfunction

was present in the W/Fu rats with regenerating adrenals. This was shown

directly by measurements of cholesterol side chain cleavage and steroid

HB-hydroxylase in mitochondria isolated from the adrenals of the

control and experimental groups (Paper #46). As in the Holtzman strain

(see Paper #15) , mitochondria of intact and regenerating adrenals from

W/Fu rats had similar cholesterol side chain cleavage activity; however,

steroid 116-hydroxylase tended to be lower in regenerating adrenal

mitochondria. Our interpretation of these data was that the W/Fu rats

can resist DOC-induced hypertension, although at this point, we could

not rule out a lower overall DOC secretion by W/Fu rats during a 24-hour

period. We have not looked into that possibility, but data from a

direct approach support our conclusion that W/Fu rats are resistant to

DOC-induced hypertension

Because Dr. Charles Hall, University of Texas at Galveston, has

not accepted the DOC hypothesis for ARH, I returned to the Long-Evans

strain. In 1973, he reported that rats of this strain resisted

DOCA-induced hypertension, but did develop ARH (66). Hall questioned

DOC's role in the pathogenesis of ARH, despite the report by Brown and

coworkers (29) that peripheral plasma DOC levels were lower in the DOCA

treated rat than in rats with ARH. I argued that the resistance of



Long-Evans rats to DOCA-induced hypertension, could be related to low

circulating DOC levels in Hall's experiments. In order to achieve

higher DOC levels in these rats, I implanted free DOC (a 50 mg pellet)

rather than the acetate and compared Holtzman rats with Long-Evans rats

(Paper #47). Hypertensive vascular disease was evident within 3 weeks

of DOC implantation in both strains. Significant cardiac and renal

hypertrophy occurred in DOC-treated Long-Evans rats, with gross and

microscopic lesions in the brain, kidney and heart. These results were

in contrast to those of Hall who found that treatment with DOCA (125 ^ug
s.c. twice daily for 6 weeks) caused neither an increase in kidney

weight in Long-Evans rats, nor hypertensive vascular disease. We

assumed that the route of administration and dose of DOCA used

contributed to these contrasting results. Furthermore, we used free DOC

as opposed to DOCA.

In using free DOC rather than DOCA, I tried to produce higher

plasma DOC levels. However, one disadvantage of free DOC was a higher

mortality rate in implanted rats than I had expected. In another study

I compared DOC and DOCA in the four strains of rat then in use in my

laboratory - Long-Evans, Holtzman, Fischer 344 and W/Fu (Paper #48) .

Within 3 weeks of DOC or DOCA implantation, rats of the Holtzman,

Long-Evans and Fischer 344 strains had significant hypertension. In

contrast, the W/Fu rats did not achieve blood pressures in the

hypertensive range (150 mm Hg or greater) , although the DOC and DOCA

treatment did increase blood pressure compared to controls. The W/Fu

rats did not show the loss of body weight accompanying the implantation

of DOC in the other strains. In addition, they had the lowest saline

intake and relatively less increase in kidney and heart weights compared
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to other strains. Most remarkable was the absence of gross or

microscopic lesions in the kidneys, brains and hearts of DOC or DOCA

treated W/Fu rats.

Adrenal weights were reduced by DOC and DOCA treatment in all

strains, suggesting that DOC suppressed ACTH secretion at the

hypothalamic or adenohypophyseal level. This was confirmed by the

measurement of serum B levels in all strains; both the DOC and DOCA

treated animals had significantly lower levels. My research associate,

Dr. Josephine Alfano, measured plasma DOC levels in DOC and DOCA treated

Fischer 344 rats at the high and low points of the circadian rhythm.

Her data indicated that our guess was correct. A free DOC implant led

to higher plasma DOC values than a DOCA implant, accounting for the more

severe hypertensive vascular disease in DOC-treated animals compared to

DOCA-treated groups.

This study of the relative sensitivities of the four rat strains

to DOC and DOCA treatment confirmed our previous finding of hypertensive

vascular disease in Long-Evans rats after DOC implantation and showed

that hypertension developed in Long-Evans rats, even using DOCA

implants. This made Hall's finding of resistance to DOCA hypertension

in this strain difficult to explain. Fischer 344 rats were clearly

susceptible to DOC and DOCA hypertension, although the lesions in

kidney and heart were less frequent and less severe than in Holtzman and

Long-Evans rats. Finally we found a major difference in sensitivity to

mineralocorticoid/salt hypertension in the W/Fu rat. The non-occurrence

of ARH in this strain had hinted at this, but we proved it directly by

DOC implantation.

This large study clearly established the significant role of

it s)eoj
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adrenal cortical dysfunction in the pathogenesis of several forms of

experimental hypertension. It supported the DOC hypothesis, showing the

sensitivity of a strain which develops ARH (Long-Evans) to DOC-induced

hypertension, and the insensitivity of a strain (W/Fu) which does not

develop ARH to DOC-induced hypertension. More important, it provides

the basis for future studies on mineralocorticoid/salt hypertension.

The observed differences between W/Fu and other strains could be

explained by differences in number or activity of mineralocorticoid

receptors between the two strains. This possibility is now being

pursued by my colleague. Dr. Samuel Gallant,in a study of

mineralocorticoid receptors in the kidney and brain of W/Fu and Holtzman

rats.
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Effect of Time of Reduction of Renal Mass on Development of
Adrenal-Regeneration Hypertension.* (29899)
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Reduced renal mass often is associated
with clinical hypertensive disease, and it has
been demonstrated by Selye(l) that unilat¬
eral nephrectomy enhances the hypertensive
potential of steroids in the rat. Skelton (2,3)
has shown that uninephrectomy enhances the
hypertension which develops during adrenal
regeneration in the rat. Although the exact
role which the reduction of renal mass plays
in production of adrenal-regeneration and
steroid hypertension is not understood, one
hypothesis holds that it may be through re¬
duced renal capacity to handle sodium.

The present paper deals with the investi¬
gation of the effect which time of nephrec¬
tomy might have on the development of the
experimental syndrome of adrenal-regener¬
ation hypertension.

Materials and, methods. Weanling female
Sprague-Dawley rats were used in these ex¬
periments. All rats were individually caged
and fed Purina Lab Chow and given 1 °/o so¬
dium chloride solution to drink ad libitum.

Groups of rats were set up as shown in
Table I. Saline intake was measured through¬
out the experiment and blood pressures of the
rats were taken at weekly intervals using the
microphonic method of Friedman and Freed
(4). After 7 weeks the rats were sacrificed
by decapitation and organs were dissected,
examined for gross lesions, weighed and fixed
in formalin. Sections were prepared and
stained with hematoxylin and eosin for mi¬
croscopic examination of the lesions. Severity
of the gross and microscopic changes in the
kidney, heart, brain and mesenteric vascular
bed was graded on a zero to 3-j- scale. Val¬

* This investigation was supported by U.S.P.H.S.
Grant HE 06975 from Nat. Heart Inst.

ues so derived were summed for each rat and
overall gross and microscopic lesion severity
indices obtained.

Results. The blood pressure measurements
from the various groups are depicted in Fig.
1 and la. Simultaneous unilateral nephrec¬
tomy, unilateral adrenalectomy and contra¬
lateral adrenal enucleation as performed in
Group 2 resulted in the well-known adrenal-
regeneration hypertension described by Skel-
ton(2). The combination of operative steps
used with Groups 3 and 6 also resulted in
hypertension, kidney and heart enlargement,
and high lesion severity indices. When the
same surgical procedure was used as for
Group 2 but in animals 2 weeks older (Group
5), there was some reduction in the hyper¬
tension. In Group 4, where the renal mass
was reduced 2 weeks after the unilateral ad-

TABLE I. Arrangement of Experimental Groups.

Group
No.

Operations at
1
zero time'*

Operations at
2 wk

1 R. nephrectomy —

2 R.
R. adrenalectomy
Jj. adrenal

enucleation

3- R. nephrectomy R. adrenalectomy
L. adrenal

enucleation

4 R. adrenalectomy
L. adrenal

enucleation

R. nephrectomy

5 R. nephrectomy
R. adrenalectomy
L. adrenal

enucleation

6 R. nephrectomy
R. adrenalectomy

L. adrenal
enucleation

* At " zero time'' the rats were 24 days old.
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renalectomy and contralateral adrenal enu¬
cleation, significantly lower blood pressures
were found as compared to Groups 2, 3 and
6. It should be noted that the sequence of

-operative procedures carried out on Group 4
was the reverse of that done on Group 3 and
the mean terminal blood pressure of Group 3
was significantly above that of Group 4 (p<
■0.02).

Lesion severity indices and organ weights
are shown in Table II. The rats in Groups
2, 3 and 6 developed significant cardiac and
renal enlargement and correspondingly high

.gross and microscopic lesion severity indices

when compared with uninephrectomized con¬
trols (Group 1). In those rats whose blood
pressure rose less markedly (Groups 4 and
5), these parameters showed only slight
change from control values.

Saline consumption in the various groups
is shown in Fig. 2. Despite the similarity of
terminal blood pressure levels, the saline con¬
sumption pattern of Group 6 is in sharp con¬
trast to that of Group 2 which had an ele¬
vated intake throughout the experiment. In
Group 6 saline intake increased steeply only
after enucleation and surpassed the intake of
Group 2 after the fourth week (fifth week,
Group 2 vs Group 6: p<0.05). The increase
in saline intake coincided with the observed
increase in blood pressure. The effect of ad¬
renal enucleation is again evident in the com¬
parison of saline intake of Groups 2 and 3.
In Group 3 there was little change in saline
intake following uninephrectomy but follow¬
ing uniadrenalectomy and adrenal enucleation

o Group I: UninephrX Control
• Group 2: A-E + UninephrX, 0 Time
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TABLE II. Mean Organ Weights, Lesion Severity Indices and Terminal Blood Pressures.

-Organ wt (mg % body wt) * , Severity index
Terminal

Group n Heart Kidney Brain Spleen Micro Macro B.P. (mm Hg)

1 9 393 •+• 8 814 H- 34 788 -i- 16 313 -+■ 15 .20 -+- .20 0 141 4- 4
2 8 597 -+- 73 1101 -+- 62 1007 h- 81 441 -+- 82 1.23 -+- .53 1.08 -+- .37 204 -t- 6
3 10 542 -i- 33 1028 -+- 59 936 -+- 51 394 -t- 30 1.37 -+- .27 1.17 -+- .18 193 -+- 7
4 8 430 -+- 35 831 -+- 89 925 -+• 75 322 -+- 15 .52 -+- .10 .31 4- .11 166 4- 8
5 10 433 -i- 10 797 -+- 31 798 -+- 10 319 ■+• 14 .65 -+- .03 .14 -4- .08 173 4- 3
6 10 521 -+- 24 1013 -+- 60 833 -+- 26 361 -+- 28 1.65 -+- .53 1.30 .60 211 4- 5

* Mean ± S.E.M.

at 2 weeks a significant drop in saline intake
occurred followed by a sharp increase which
lasted throughout the remainder of the in¬
vestigation.

Saline consumption in Group 4 which re¬
mained unchanged during the 2 weeks fol¬
lowing adrenal enucleation and uniadrenal-
ectomy, rose slightly yet significantly (p<
0.05) after right nephrectomy only to return
to the same range as the uninephrectomized
controls towards the end of experiment. In
Group 5, saline consumption showed little
change until the third week, after which it
rose in similar fashion to Groups 2 and 6.

Discussion. While the importance of the
reduction of renal mass had been recognized
for the development of adrenal-regeneration
hypertension (2,3) it was not known at what
point during the regenerative process this re¬
duction played a critical role and also to
what degree the hypertensive-cardiovascular
disease could be modified.

The present study indicates that of the vari¬
ous combinations of operative steps originally
described by Skelton(2) the one that com¬
bines nephrectomy-adrenalectomy with adre¬
nal enucleation (Group 2) is the most effec¬
tive for production of hypertension and car¬
diovascular lesions. When the identical oper¬
ation is performed 2 weeks after zero time
(Group 5), blood pressure levels as well as
degree of gross and microscopic lesions are
significantly less.

That the reduction of renal mass is an

essential step in the combination of operative
procedures is suggested by the observation
that those groups in which nephrectomy was
performed 2 weeks after zero time (Groups
4 and 5) showed lower blood pressure rises
and lesser lesion severity indices than the

groups where uninephrectomy was performed
at zero time (Groups 2, 3 and 6).

It is particularly noteworthy that, although
in Group 3 uninephrectomy and uniadrenal-
ectomy-adrenal enucleation are separated in
time by 2 weeks, blood pressure, organ
weights and lesion severity indices are greater
than those of Groups 4 and 5 and almost
identical with Groups 2 and 6. This sug¬
gests that, although reduction of renal mass
contributes to the production of adrenal-re¬
generation hypertension, the adrenal enuclea¬
tion procedure is the essential step in precipi¬
tating the rise of blood pressure.

The remarkable rise of blood pressure and
the high cardiovascular lesion severity index
in Group 6 show that the presence of only
one adrenal, which undergoes hypertrophy
between zero time and 2 weeks later, does not
materially affect the development of the
hypertensive syndrome which follows enucle¬
ation of this hypertrophied adrenal.

This result contrasts with the finding of
Takeda et al{5). These workers did not find
an increased saline intake or blood pressure
in animals adrenal enucleated 2 weeks after

uninephroadrenalectomy. This difference is
difficult to explain although the small number
of animals used by these authors, the use
of different animals to obtain blood pressure
and saline intake values at different times

post-enucleation and the difference in strain
of rat may be contributory.

Summary. 1. Salt-treated, uninephrecto-
mized-adrenalectomized and contralaterally
adrenal enucleated female rats in which those
operative steps are performed shortly after
weaning (zero time) show a higher mean
terminal blood pressure and greater enlarge¬
ment of heart, kidney, brain and spleen than
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do similar rats that are operated on 2 weeks
after zero time. 2. Performance of the uni-

nephrectomy 2 weeks after uniadrenalectomy
and adrenal enucleation results in signifi¬
cantly lower terminal mean blood pressure
and correspondingly lower lesion severity in¬
dices. This suggests that the enucleation step
proper is the crucial operation in bringing
about the full severity of the hypertensive
syndrome. 3. Uninephrectomy and uniadre¬
nalectomy on day zero and contralateral enu¬
cleation of the compensatorily-hypertcophied
adrenal 2 weeks later results in mean termi¬
nal blood pressure and lesion severity indices
comparable to those rats in which these opera¬
tions are carried out at zero time. Blood

pressure only rises steeply after the hyper-
trophied adrenal gland is enucleated. 4. It is
concluded that, while reduction of renal mass

contributes greatly to the development of this
form of experimental hypertension, enuclea¬
tion of the adrenal is the decisive step. It is
further concluded that this combination of

operations early in infancy finds a more fa¬
vorable internal environment for the develop¬
ment of severe hypertensive cardiovascular
disease.
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Since Skelton14 described the syndrome
of adrenal regeneration hypertension, more
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nation of these communications reveals that
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various ages, have been used in the studies.

In the original work of Skelton,14'16
immature weanling female rats of a Sprague-
Dawley strain were used. Skelton and
Guillebeau18 showed that these rats devel¬
oped greater hypertension and more severe
arteriolar lesions of the kidney, heart, brain,
and the mesenteric vascular bed than did
young adult female rats. Skelton,16 Chart
et al.,3 and Masson and Corcoran12 found
that adrenal regeneration hypertension
developed in immature rats of both sexes,
whereas Neff and Correll13 found that im¬
mature male rats of a Wistar strain clid not
become hypertensive. Neff and Correll13
further demonstrated that testosterone
administration to the female rat inhibited
both regeneration of the enucleated adrenal
and development of hypertension. More
recently, Weisz et al.21 and Gardner and
Brooks6 have obtained adrenal regeneration
hypertension in immature male rats of the
Wistar strain.
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In the present study, the development of
adrenal regeneration hypertension in male
and female rats of various ages from weaning
to maturity was investigated. This was done
in an attempt to clarify the effect of sex on
the production of the hypertension and also
to ascertain if larger animals might be used
in studies of the etiology of adrenal regenera¬
tion hypertension. Older rats might show
better survival of the operative procedures
and furthermore, and perhaps more impor¬
tant, they have larger vessels and organs
and a larger blood volume, factors which
would facilitate many biochemical-patho¬
logic investigations.

MATERIALS AND METHODS

Male and female Holtzman rats were

accommodated in single cages in a room
maintained at 25° C. with 12-hour light-12-
hour dark cycles. They were fed Purina
laboratory chow and given tap water ad
libitum. Groups of rats 24, 35, 44, 60, 70,
93, 110 and 140 days old were treated in the
following manner: control groups, mainly
consisting of 10 rats per group, had a right
nephrectomy performed, whereas experi¬
mental groups containing 12 to 14 animals
per group were subjected to right nephrec¬
tomy, right adrenalectomy, and left adrenal
enucleation. After the operations all rats
were continued on laboratory chow ad
libitum, but tap water was replaced by a
1 per cent sodium chloride solution as drink¬
ing fluid.

Body weights and systolic blood pressures6
of the rats were determined at weekly
intervals. The rats were exsanguinated
under ether anesthesia 6 weeks after the
operations. Kidney, heart, brain, and the
mesenteric vascular bed of control and
experimental animals were examined for
gross lesions and graded on a scale from 0
to 3. Kidney, heart, brain, adrenals, thymus,
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spleen and pituitary were dissected out and
weighed after several weeks of fixation in
10 per cent buffered formalin. Kidney,
heart, brain and adrenals were sectioned,
stained with hematoxylin and eosin, and
examined microscopically for lesions, which
were also graded on a scale from 0 to 3.
These procedures were done by one of us
who was not aware of the results of the
macroscopic lesions.

RESULTS

As can be seen from Tables 1 and 2, several
animals, particularly in the adrenal-enu¬
cleated (AE) groups, died during the experi¬
ment. The data accumulated on these rats
was discarded.

Systolic Blood Pressure

The changes in systolic blood pressure of
control and AE groups of male and female
rats are illustrated in Figure 1. It is evident
that young male, as well as young female,
rats bearing regenerating adrenals showed
increases in systolic blood pressure when
they were compared with their control
groups bearing intact adrenals. However,
the over-all picture was that with increased
age at operation, both male and female rats
showed a less rapid rate of development of
adrenal regeneration hypertension.

Closer examination of the data revealed
that the younger female AE groups showed
significantly higher blood pressures than
their controls as early as 2 weeks after
adrenal enucleation, whereas with the excep¬
tion of the group aged 44 days at operation,
this was not the case with the male rats.
These increases in blood pressure seen at 2
weeks in the female rats were highest in rats
aged up to 44 days at operation. With the
female rats 93 and 110 days old, significant
differences in blood pressure between experi¬
mental and control groups were not found
until 3 weeks after operation and in the case
of the oldest females were not found until
4 weeks after operation.

All 6 of the male AE groups, with the excep¬
tion of that aged 110 days at operation,
showed significantly higher blood pressures
than their controls at 3 weeks after opera¬
tions; however, the differences were much

more significant up to an age of 44 days
than they were beyond this age.

Both male and female AE groups had
significantly higher blood pressures than
their corresponding controls at 6 weeks after
adrenal enucleation; however, the differ¬
ences were much smaller with the rats aged
110 and 140 days at operation. Although
the systolic blood pressure of control female
rats aged 24 and 35 days increased gradually
during the course of the experiment, the
older age groups showed insignificant
changes. The male control groups aged 60,
70, 93, and 110 days at operation exhibited
increased blood pressure compared with
that of their corresponding female control
groups at the end of the experimental period.

Body Weights

The terminal body weights of male and
female groups are shown in Tables 1 and 2,
respectively. In the male groups no signifi¬
cant differences were observed between the
body weights of control and AE rats. The
growth rate of control and experimental
groups was very similar for each age studied.
Similar findings were obtained for the female
rats, except with the 24-day-old groups, in
which the rats bearing regenerating adrenals
had a significantly lower mean terminal
body weight than the control group. This
was a result of the presence in the AE group
of three very hypertensive rats that lost
weight toward the end of the experiment.

Organ Weights

The mean weights of heart, kidney,
adrenals, thymus, spleen, brain and pituitary
from male and female rats are given in
Tables 1 and 2, respectively.

Heart. Increased heart weight was seen
in the young female AE groups up to an
operation age of 60 days. In the groups aged
93 days and older, the mean heart weights
of female AE rats were lower than those of
their corresponding controls. Although the
youngest male AE group showed no increase
in heart weight over its control group,
significant increases were seen in the other
groups of AE rats up to an age of 93 days
at operation.

Kidney. The youngest female AE rats
showed the greatest increase in kidney



Table1.BodyWeights,OrganWeights,andSurvivalRatesofControlandAdrenal-EnucleatedMaleRatsattheEnd oftheExperimentalPeriod

Group

Ageat operation

No.of rats

Bodywt.

Organweights

Survivalrate

Heart

Kidney

Adrenal(s)

Thymus

Spleen

Brain

Pituitary

days

gm.

mg./lOOgm.ofbodyweight

1.Control

24

8

235±14"
369±25

672±48

19.5±1.68
206±21
265±25
820±53
3.30±0.09

8/9

AE

7

251±15
377±42
750±44

11.0±0.61c
193±5

301±31
776±61
3.53±0.18

7/12

2.Control

35

11

310±12
316±10

666±24

18.3±1.70
198±19
246±12
675±26
3.33±0.31
11/12

AE

8

321±10

373±13c
845±22c
9.7±0.63"
166±13
250±9

661±18
3.36±0.09

8/12

3.Control

44

12

325±6

320±8

634±8

17.0±0.51
150±8

222±7

610±15
2.98±0.32
12/12

AE

11

329±10
377±21''
798±41"
11.1±0.96"
159±11
258±22
650±27
3.53±0.14
11/13

4.Control

60

12

388±7

291±9

565±12
15.3±0.58
128±6

202±6

535±15
3.33±0.06
12/12

AE

11

358±33
315±8

665±26"
7.0±0.70"
122±7

198±6

539db9

3.23±0.13
11/12

5.Control

70

12

384±8

281±3

509±14

13.8±0.41
103±10
196±7

544±10
3.10±0.08
12/12

AE

12

383±8

307±10*
638±19"
8.4±0.74"
107±6

230±ll6
545±11
3.68±0.17"
12/12

6.Control

93

10

392±8

281±9

569±15
15.4±0.85
100±4

176±18
521±16
3.23±0.08
10/10

AE

12

411±6

337±256
587±42

6.3±0.32"
100±11
214±11
501±18
3.09±0.08
12/12

7.Control
110

9

437±8

279±10

-H

i-H

CO

13.2±0.35
77±6

172±3

481±12
2.95±0.11

9/10

AE

11

433±6

300±7

528±11"
5.3±0.33"
82±4

186±5h
492±7

2.96±0.09
11/12

8.Control
140

10

444±10

304±10

531±18

13.4±0.61
63±6

183±8

488±11
2.91±0.07
10/10

AE

12

440±8

320±10

601±23'
6.9±0.43"
53±4

188±12
496±8

2.99±0.12
12/12

°Standarderrorofthemean. 6v<0-05. cp<0.01.



Table2.BodyWeights,OrganWeightsandSurvivalRatesofControlandAdrenal-EnucleatedFemaleRatsattheEnd oftheExperimentalPeriod

Group

Ageat operation

No.of rats

Bodywt.

Organweights

Survival rate

Heart

Kidney

Adrenal(s)

Thymus

Spleen

Brain

Pituitary

days

gm.

mg./lOOgm.ofbodyweight

1.Control

24

10

191±5«

402±12

752±28

31.1±1.20
213±15
306±13

964±23

5.3±0.26
10/10

AE

10

161±10
575±21"
1095±73"
26.4±2.13
222±17
418±52
1393±1596
5.6±0.22
10/14

2.Control

35

8

211±4

391±11

654±121
35.4±1.40
174±11
259±5

875±26

5.9±0.24

8/10

AE

6

193±11
494±27"
928±76

23.5±3.936
199±19
386±34'
995±107
6.1±0.58

6/13

3.Control

44

5

217±6

415±28

793±34

32.0±1.00
208±17
273±10

870±12

4.7±0.60

5/10

AE

8

211±4

475±23

961±47b
17.9±0.31"
201±9

324±29

899±32

4.6±0.39

8/14

4.Control

60

8

234±5

369±10

642±26

30.0±1.48
145±7

251±18

839±16

5.1±0.25
8/10

AE

11

221±5

432±16"
832±28"
23.6±2.206
139±24
384±484
912±41

5.4±0.20
11/13

5.Control

70

9

231±5

394±12

605±24

32.9±1.16
149±9

256±11

843±18

5.9±0.36

9/10

AE

10

244±5

404±13

791±27"
18.2±1.30"
126±36
291±24

833±26

6.1±0.38
10/14

6.Control

93

11

245±4

362±7

567±25

31.2±1.25
104±4

236db7

803=fc18

5.2±0.14
11/12

AE

13

251±3

349±28

685±57

15.3±1.83"
96±10

258±25

709±6'

5.3±0.54
13/14

7.Control
110

12

266±5

383±15

618±23

29.4±1.15
96±14

270±19

765±16

4.7±0.15
12/12

AE

14

282±4

352±5

641±20

16.5±0.71"
87±5

243±6

720±96

5.4±0.19'
13/14

8.Control
140

10

272±3

348±10

505±27

27.2±0.90
81±6

225±9

747±14

5.3±0.22
10/10

AE

13

275±4

324±26

553±45

12.5±1.16'
74±8

223±18

673d=53

5.4±0.49
13/13

°Standarderrorofthemean. bp<0.05. cp<0.01.
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Fig. 1. Systolic blood pressure changes in con¬
trol male (A) and female (O) rats and adrenal-
enucleated male (-A-) and female (•) rats at vari¬
ous operating ages.

weight, although there were significant
increases in groups up to an operational age
of 70 days. All of the male AE groups had
increased kidney weights over those of then
control groups, with the exception of those
aged 24 and 93 days at operation. Again
with the male rats, the greatest differences
between AE and control rats were seen in
the younger age groups.

Adrenal. With the exception of the young¬
est female group, all of the AE groups had
significantly lower mean adrenal weights
at sacrifice than did their control groups.
These differences were particularly large in
the older female age groups and were uni¬
formly large with all male groups. Female
rats, control or experimental, had much
greater adrenal weights than male rats when
weight was calculated per 100 gm. of body
weight.

Thymus. Only in the case of the female

rats aged 70 days at operation was there
any significant difference in thymus weight
between control and experimental groups.

■Spleen. The younger female experimental
groups tended to have higher splenic weights
than their control groups. In two groups,
aged 35 and 60 days, these differences were
significant. Although the male AE groups
had higher mean splenic weights than their
control groups, in general, these differences
were much smaller than those found in the
younger female rats.

Brain. Only the youngest female AE group
showed a significantly increased brain
weight compared to its control group. The
female AE rats aged 93 and 110 days had
significantly lower brain weights than their
control groups.

Pituitary. In general, the pituitary weights
of male and female AE rats were not signifi¬
cantly different from those of their corre¬
sponding controls. The male AE group
aged 70 days and the female AE group aged
110 days had significantly higher pituitary
weights than their controls. Female rats,
control or experimental, had much higher
pituitary weights than male rats when
weight was calculated per 100 gm. of body
weight.

Survival Rates

The survival rates of the male and female
rats are also shown in Tables 1 and 2. In
both male and female AE rats, deaths oc¬
curred to a larger extent in the younger age
groups. This was also the case with the
female control rats. The high death rate in
female animals aged 44 days at operation
was unexpected, and has not been found in
subsequent studies. Only 3 male control
rats died, out of a total of 87 (3.5 per cent),
as compared to 11 deaths out of 84 female
controls (13.1 per cent). The survival rate
for male experimental rats was considerably
higher than that observed for female experi¬
mental rats, being 84 out of 97 (86.6 per
cent), as compared to 84 out of 109 (77.0
per cent) for the females.

Lesion Indices

Macroscopic and microscopic lesion in¬
dices for each organ, as well as total lesion
indices for male and female rats, are shown



Table3.EvaluationofMacroscopicandMicroscopicVascularLesionsinControlandAdrenal-EnucleatedMaleRats
Group

Ageat operation

No.of rats

Organesionindices

Totallesionindices

Heart

Kidney

Brain

Mesentery

Adrenals

Macro

Micro

Macro

Micro

Macro

Micro

Macro

Micro

Macro

Micro

days

1.Control

24

8

0.50(4)«
0.31(2)
0.67(4)

0.31(3)

0

0

0.11(2)

0

1.28

0.62

AE

7

0.71(5)

0.21(2)
1.43(7)

0.50(5)

0

0

0.29(2)

0

2.43

0.71

2.Control

35

11

0.18(2)

0

0.77(7)

0.32(4)

0

0

0

0

0.95

0.32

AE

8

0.94(7)

0.25(2)
1.38(8)

0.94(8)

0

0

0

0

2.32

1.19

3.Control

44

12

0.08(1)

0.08(1)
0.71(8)

0.21(2)
0.08(1)

0

0.08(1)

0

0.95

0.29

AE

11

0.36(4)

0.18(3)
1.32(11)
0.64(8)

0

0

0.27(2)
0.09(1)

1.95

0.91

4.Control

60

12

0.38(4)

0.04(1)
0.63(7)

0.17(2)

0

0

0.08(1)

0

1.09

0.21

AE

11

0.64(7)

0.23(3)
1.36(11)
0.64(8)

0

0

0

0

2.00

0.87

5.Control

70

12

0.13(2)

0

0.71(8)

0

0

0

0

0

0.84

0

AE

12

1.08(11)
0.25(2)
1.67(12)
0.63(9)
0.08(1)
0.08(1)
0.33(2)
0.08(1)

3.16

0.96

G.Control

93

10

0

0

0.40(5)

0

0

0

0

0

0.40

0

AE

12

1.08(10)
0.33(3)
1.58(12)
0.63(8)
0.08(1)
0.04(1)
0.25(2)

0

2.99

1.00

7.Control

110

9

0.22(2)

0

1.17(9)

0.06(1)

0

0

0

0

1.39

0.06

AE

11

0.27(3)

0.05(1)
1.27(11)
0.23(3)

0

0

0

0

1.54

0.28

8.Control

140

10

0.25(3)

0.10(1)
0.95(8)

0.25(3)
0.05(1)

0

0.20(2)

0

1.45

0.35

AE

12

0.50(5)

0.36(4)
1.42(11)
0.82(7)

0

0

0.50(6)
0.09(1)

2.42

1.27

°No.ofanimalswithlesionsareinparentheses.



Table4.EvaluationofMacroscopicandMicroscopicVascularLesionsinControlandAdrenal-EnucleatedFemaleRats
Group

Ageat operation

No.of rats

Organlesionindices

Totallesionindices

Heart

Kidney

Brain

Mesentery

Adrenals

Macro

Micro

Macro

Micro

Macro

Micro

Macro

Micro

Macro

Micro

days

1.Control

24

10

0.10(1)«

0

0.10(1)
0.05(1)

0

0

0

0

0.20

0.05

AE

10

1.10(8)

0.95(8)
1.50(6)
1.15(8)

1.20(6)
0.30(3)
0.65(7)
0.70(5)

4.45

3.10

2.Control

35

8

0

0

0

0.20(2)

0

0

0

0

0

0.20

AE

6

1.33'5)

0.67'5)
1.33(5)
1.17(6)

0.50(1)
0.17(1)
0.58(4)
0.67(3)

3.74

2.68

3.Control

44

5

0.20(1)

0

0.15(1)
0.10(1)

0

0

0

0

0.35

0.10

AE

8

0.75(3)

0.56(5)
0.75(5)
0.94(8)

0.25(1)
0.06(1)
0.25(2)
0.13(1)

2.00

1.69

4.Control

60

8

0.06(1)

0

0.13(2)
0.06(1)

0

0

0

0

0.19

0.06

AE

11

1.09(7)

0.68(6)
1.14(9)
0.73(7)

0.50(4)

0

0.64(6)
0.36(3)

3.37

1.77

5.Control

70

9

0.11(1)

0

0.22(1)

0

0

0

0.06(1)

0

0.39

0

AE

11

0.65(6)

0.36(4)
0.64(7)
0.59(7)

0.18(1)
0.18(1)
0.27(3)
0.09(1)

1.73

1.22

6.Control

93

11

0

0.09(1)
0.09(1)
0.05(1)

0

0

0

0

0.09

0.14

AE

13

0.85(8)

0.50(7)
0.69(8)
0.81(10)
0.15(2)
0.08(1)
0.39(4)
0.15(2)

2.08

1.54

7.Control

110

12

0.21(2)

0.08(1)
0.50(5)
0.33(4)

0.08(1)

0

0.17(1)

0

0.96

0.41

AE

14

0.32(5)

0.07(1)
0.43(7)
0.57(8)

0

0

0.14(3)

0

0.89

0.64

8.Control

140

10

0

0

0.20(2)
0.15(2)

0

0

0

0

0.20

0.15

AE

13

0.08(1)

0.15(2)
0.19(3)
0.27(4)

0

0

0.03(1)

0

0.35

0.42

°No.ofanimalswithlesionsareinparentheses.
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in Tables 3 and 4. Representative micro-
photographs of these lesions are shown in
Figures 2 to 5. The total macroscopic and
microscopic lesion indices of the male AE
rats tended to remain at the same level with
increase in age at operation, whereas in the
female AE rats the lesion indices fell with
increasing operational age, so that the lowest
values were found in the oldest animals. It
is also worthy of note that the total lesion
indices were uniformly higher at all ages in
control male rats than in control female
animals.

In general, the severity of cardiac lesions
in the younger male and female groups was
quite similar, although the values tended to
be slightly higher in female than male
animals. In contrast, the cardiac lesion
indices were much higher in the older male
AE rats than in the corresponding female
animals. The male and female AE rats
showed greater severity and incidence of
cardiac lesions than did their respective
controls. Indices of renal lesions were high in
both male and female AE rats, being some¬
what higher, however, in the males. It is
interesting that the older male control rats
developed more severe renal lesions than
did control female rats of comparable age.

Brain lesions were seldom found in either
male AE or control rats, but in female AE
rats brain lesions were quite common in the
youngest age group, and occasionally they
were present in older animals. Periarteritic
lesions of the mesenteric vascular bed were

also especially common in younger female
AE rats, whereas such lesions were found
with greatest frequency and severity in the
oldest AE male rats. Similarly, vascular
lesions in the regenerating adrenals were
most common in the younger female AE
animals, whereas in the males adrenal vascu¬
lar lesions occurred in only three groups,
with no apparent age predilection.

DISCUSSION

The greater size of the adrenal gland of
the female rat8 has always suggested some
difference in adrenocortical secretory activ¬
ity between males and females. Kitay9
found that the concentration of corticoster-
one in the adrenal venous blood of the female
rat was 2.5 times that in the male, which

probably indicated that the female rat
adrenal cortex had a greater sensitivity to
adrenocorticotropic hormone stimulation.
Kitay also demonstrated that the biologic
half-life of corticosterone in female rats was

shorter than that in male animals. In addi¬
tion, the in vitro metabolism of the A ring
of cortisone was more rapid with female rat
liver than with male tissue. The shorter
half-life of corticosterone in the female rat
was also shown by Glenister and Yates,7
who found a higher level of A4-steroid hy-
drogenase activity in female rat liver than
in male rat liver. Estradiol administration to
male rats increased adrenal weight and
corticosteroidogenesis,10 and the in vitro
production of corticosterone by adrenal
homogenates from oophorectomized rats
was decreased when it was compared to that
of intact female rats.11

These observations would tend to suggest
that a difference exists between male and
female rats in their susceptibility to adrenal-
regeneration hypertension, if we bear in
mind that the development of this syndrome
has been intimately linked to the regenera¬
tion of the adrenal cortex.17'19 Indeed, Neff
and Correll13 have reported that young
male rats of a Wistar strain did not develop
adrenal-regeneration hypertension. In con¬
trast, Skelton,16 Chappel, Rona, and Cahill,2
and Gardner and Brooks6 have produced
adrenal-regeneration hypertension in male
rats. The data contained in the present
publication show that although the magni¬
tude of blood pressure rise was similar in
male and female anifnals, there was a more
rapid development of hypertension in young
female rats compared to young male animals.
This difference correlated well with the

greater cardiac hypertrophy, adrenal re¬
generation, brain weight, and severity of
brain lesions of the young female rats.

It has been shown that young rats are
more sensitive to the hypertensive effect
of deoxycorticosterone acetate than older
rats,20 and if one assumes that the patho¬
genesis of adrenal regeneration hypertension
is connected with the secretion by the
regenerating adrenal of some hypertensive
steroid like deoxycorticosterone,1 then age
as well as sex should play some role in the
susceptibility of the rat to adrenal-regenera-
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tion hypertension. The present data indicate
that the rate and magnitude of blood pres¬
sure rise in both male and female adrenal-
enucleated rats become less with increasing
age at operation. These results are in agree¬
ment with the observations of Skelton and
Guillebeau,18 who found greater increases
in blood pressure in immature female rats
than in mature animals.

Another interesting observation is that
older control and AE male rats show greater
severity of cardiovascular lesions than do
older female rats. This increased severity of
lesions occurred in the absence of marked
blood pressure differences, suggesting that
mature control male rats are more suscepti¬
ble to the high salt diet than corresponding-
females. Vascular lesions of the kidney were
found in a large percentage of control male
rats aged 110 and 140 days at operation,
whereas few female control rats of these
ages showed such lesions. The high severity
of lesions of older male controls is not due
to an increase in all lesion sites, as can be
seen by the low incidence of lesions in the
mesenteric vascular bed and the brain of
these animals. Crane and Dutta4 have shown
an increased uptake of 35S04 into the
sulphated mucopolysaccharides of the mes¬
enteric arteries of immature rats with
adrenal regeneration hypertension, whereas
mature male rats that did not develop
adrenal-regeneration hypertension had nor¬
mal uptake. One discrepancy between our
observations and those of Crane and Dutta
is that the latter authors did not find any
evidence of hypertensive pathologic damage
in the kidneys of mature male AE rats, and
there was no difference from the normal in
the stainable content of acid mucopolysac¬
charide in the nephrons and intrarenal
arteries.

It is apparent that there are many differ¬
ences in the adrenal-regeneration syndrome
seen in male and female rats. In general the
immature female rat shows a greater sus¬

ceptibility to the development of adrenal-
regeneration hypertension. This may be
related to the higher rate of regeneration of
adrenocortical tissue in the female. Although
the female rat shows a tendency toward
decreasing severity of hypertension and
vascular lesions with increase in age, the
male rat does not manifest such a clear-cut

pattern. This may be a result of the fact that
control male animals have a greater tendency
to develop elevated blood pressure and
vascular changes with increase in age than
do corresponding female controls.

SUMMARY

The effect of age and sex on the develop¬
ment of adrenal-regeneration hypertension
has been studied in the Holtzman rat with
groups of animals aged 24, 35, 44, 60, 70,
93, 110, and 140 days at the time of opera¬
tion. The severity of hypertension decreased
with increase in age in both sexes. The rate
of development of hypertension was higher
in immature rats than in mature ones, ancl
the rate was higher in females than in males.

Vascular lesions of the heart, kidney,
brain, and mesentery were most severe in
immature rats and tended to be higher in
immature females than in immature males.
The severity of cardiovascular lesions de¬
creased markedly with increase in age at
operation of female rats, but remained at a
high level in mature male rats. Mature
male control rats were much more suscepti¬
ble to the development of hypertension and
vascular lesions than were mature female
control animals.

Fig. 2. Photomicrographs of organs from female rats adrenal-enucleated at 24 days of
age. A, Kidney. Hyaline degeneration of glomeruli is the most striking change but some
arteriolar necrosis and hyalinosis {arrow) as well as tubular dilation and cast formation is
present. Hematoxylin and eosin; X46. B, Heart. The most characteristic finding is wide¬
spread proliferative arteriolar sclerosis and hyalinosis. Perivascular hyaline material is
present accompanied by a hystiocytic and fibroblastic cellular response. Hematoxylin and
eosin; X150. C, Regenerated adrenal cortex. Capsular hyaline sclerosis and perivascular
fibrosis. Note the presence of subjacent homogeneous hyaline material which disrupts the
architecture of the regenerated cortex. Hematoxylin and eosin; X262. D, Cerebral cortex.
Edema and degeneration of the brain tissue is apparent with only minimal microglial reac¬
tion. Hematoxylin and eosin; X52.
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Fig. 3. Photomicrographs of organs from female rats adrenal-enucleated at 140 days of
age. A, Kidney. A single glomerulus present shows proliferative and hyaline changes. Tu¬
bules show modest dilation and cast formation. Hematoxylin and eosin; X175. B, Heart.
Although the lesions are qualitatively similar to those seen in young female rats, the inci¬
dence and severity of the arteriolar proliferation, hyalinosis, and focal interstitial fibro¬
blastic reaction are much less. Hematoxylin and eosin; X225. C, Regenerated adrenal cor¬
tex. The regenerated tissue is free of lesions and the capsular arteriole appears normal.
Hematoxylin and eosin; X437. D, Cerebral cortex. Note the absence of edema and focal
degenerative changes. Hematoxylin and eosin; X55.

Fig. 4. Photomicrographs of organs from male rats adrenal-enucleated at 24 days of age.
A, Kidney. Glomeruli show some enlargement of visceral and parietal epithelial cells to¬
gether with considerable degenerative change (arrows). Tubules are not especially dilated,
although casts are sometimes present. Interstitial chronic inflammatory cell foci can be
seen. Hematoxylin and eosin; X175. B, Heart. The vascular lesions are very similar in
appearance to those found in female rats which had been adrenal-enucleated at 140 days of
age. Hematoxylin and eosin; X262. C, Regenerated adrenal cortex. The regenerated tis¬
sue shows no lesions and the capsular arterioles such as the one depicted here occasionally
contained focal mural hyaline deposits. Hematoxylin and eosin; X262.

Fig. 5. Photomicrographs of organs from male rats adrenal-enucleated at 140 days of
age. A, Kidney. Glomerulus shows marked proliferative and hyaline changes. Both arteri¬
oles and small arteries (arrows) are rather severely altered by hyaline degeneration. Small
interstitial foci of chronic inflammatory cells are present. Hematoxylin and eosin; X175.
B, Heart. Arterioles such as those shown here had markedly thickened walls, swollen endo¬
thelium and a narrow lumen. Perivascular histiocytic reactions present but focal areas of
histiocytes and fibroblastic proliferation (arrow) without obvious relationship to blood
vessels are more common. Hematoxylin and eosin; X175. C, Regenerated adrenal cortex.
Although the regenerated cortex of these animals was generally without lesions, the peria-
drenal arteries and arterioles shown in this photomicrograph showed marked hyaline de¬
generation, inflammatory cell infiltration, and fibroblastic proliferation. Note here the
subendothelial "plaque" of homogenous hyaline material and the extension of similarly
staining substance into the wall of the vessel on the opposite side. Hematoxylin and eosin;
X262.
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ABSTRACT

Progesterone-4-14C has been incubated with homogenates
prepared from intact and regenerating rat adrenals. While
corticosterone--^4C was the major metabolite from incubations
with intact adrenals, both corticosterone-^-4C and 11-deoxy-
corticosterone-^C were identified as major metabolites from
incubations of regenerating adrenals- 11-Deoxycorticosterone
secretion by regenerating adrenals might explain the develop¬
ment of adrenal-regeneration hypertension.

In 1955 Skelton (2) described the hypertension which

develops in young, saline-fed, uninephroadrenalectomized rats

during regeneration of the contralateral adrenal gland.

There have been many studies of the pathogenesis (3-9) and

hormonal modification (10-11) of this form of experimental

hypertension. The early studies indicated the dependence of

this hypertension on the availability of excess sodium chloride

and it has been suggested that adrenal regeneration hyper¬

tension is the product of an interplay between the hyper¬

tensive potentials of sodium chloride and regenerating

adrenocortical tissue (12,13).

Brogi and Pellegrino (14) found lower corticosterone and
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caction boiling at 115° was collected and stored over CaCl2
n a dessicator. Formamide was purified by treatment with
Tiberlite IRC-50.

Acetic anhydride was refluxed over calcium carbide for
-6 hours and distilled through a 25 cm fractionating column,
he middle fraction boiling at 139° was collected. 2,5-Di-
henyloxazole (PPO) and l,4-bis-2-(5-phenyloxazolyl)-benzene
POPOP) were scintillation grade obtained from Nuclear Chicago
orp. and used without further purification. Sodium fumarate
as obtained as the disodium salt from Boehringer, Mannheim,
srmany. Inorganic salts for the preparation of the Krebs-
inger-Bicarbonate buffer were all analytical reagent grade.

teroids

Progesterone-4-14C was obtained from New England Nuclear
orporation and had a quoted specific activity of 46 mC/mM.
o significant impurities were detectable after paper chroma-
ography in various solvent systems and on paper chromatography
ollowing acetylation, and in particular no radioactivity was
ound in 11-deoxycorticosterone (DOC) and corticosterone regions
f the chromatograms. Progesterone, 11-deoxycorticosterone,
1-deoxycorticosterone acetate, corticosterone and cortico-
terone acetate were re-crystallized until a good melting
oint was obtained. Aldosterone was a gift from Dr. H.
heppard, Ciba Pharmaceuticals, Summit, New Jersey. 18-Hydroxy-
1-deoxycorticosterone was a gift from Dr. R. Pappo, G. D.
earle Co., Chicago, Illinois.

METHODS

aper Chromatography

Whatman No. 1 paper 57 cm in length was used. Descending
>aper chromatography was carried out in a temperature con-
rolled room at 25° according to the procedures described by
affaroni (21). Extracts were applied to paper strips 2 cm
n width.

hin-layer Chromatography

This was carried out on silica gel plates using the
lethods described by Brownie et al (22) .

.ssav of Radioactivity

Paper chromatograms were scanned for radioactivity with
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a 4 pi Packard Radiochromatogram Scanner, model 7200. For
more accurate estimation of radioactivity, liquid scintil¬
lation counting was used, employing a Nuclear Chicago liquid
scintillation spectrometer, 720 series. Samples for
assay were dried in vials of low potassium content (Wheaton
Glass Co., Millville, N.J.) and dissolved in 10 ml toluene
containing 0.4% PPO and 0.004% POPOP. The counting efficiency
for ^C was about 90% and the background was approximately
55 cpm.

Acetylation Procedure

Samples were taken to dryness over N2 at 40°, then dried
in a vacuum dessicator for 1-2 hours. The dried samples were
dissolved in 0.5 ml pyridine and then treated with 0.25 ml
acetic anhydride at room temperature for 16 hours. After this
time a small volume of methanol was added and the solution

evaporated to dryness under a stream of N2 at 40°.
Animal Procedure

Five week old female Holtzman rats were accommodated in

single cages in a room maintained at 25°C and with 12 hour
light-12 hour dark cycles. They were fed Lab Chow and given
tap water ad libitum. At about six weeks of age, half of the
rats had the right kidney and the right adrenal removed under
ether anesthesia; these animals are hereafter designated
controls. At the same time, the remainder of the rats had
the right kidney and the right adrenal removed and the left
adrenal enucleated (23); hereafter these animals are called
adrenal-enucleated rats. All rats were then continued on

Lab Chow but tap water was replaced by 1% NaCl as drinking
solution. Systolic blood pressures (24) and body weights
were recorded weekly.

Incubation Procedure

At three and five weeks post-operation animals were
killed by decapitation without anesthesia and the adrenal
glands rapidly removed. The glands were cleaned of surrounding
fat, the adrenals from rats of the same group pooled and
weighed. The pooled adrenals were homogenized in appropriate
amounts of cold Krebs-Ringer-Bicarbonate buffer containing
100 mg% sodium fumarate. The homogenate contained about
15-19 mg. wet weight adrenal tissue per ml buffer and in most
incubations 5 ml of this homogenate was used in each incu¬
bation flask, although occasionally 2 ml was used. The
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omogenate was added to incubation flasks having 5 ml of the
uffer containing 10 p.g unlabeled progesterone and about
million dpm of progesterone-4-14C (specific activity,

6 mC/mM) . Incubations were done in a 95% C>2 - 5% CC>2 atmos-
here at 37° for 1 hour.

xtraction of Steroids

At the end of the incubation period the incubation
ixture was immediately transferred quantitatively to a 50 ml
lass-stoppered centrifuge tube. The incubation flask was
ashed twice with 10 ml and twice with 5 ml portions of cold
ethylene chloride, transferring the washings to the centri-
uge tube. After mixing and centrifugation the methylene
hloride layer was transferred to another 50 ml centrifuge
ube and the incubation mixture further extracted with an

dditional 15 ml of cold methylene chloride. The combined
xtracts were rapidly washed with 5 ml 0.1 N NaOH and twice
rith 5 ml portions of distilled water. The washed extracts
'ere placed in the deep freeze at -15° for several hours
.uring which time most of the water in them froze out onto
she walls of the tubes. The relatively dry methylene chloride
ihase could then be decanted off into a 250 ml round bottomed
ilask. The extracts were then taken to dryness under reduced
iressure on a rotary evaporator at 45°.

'aper Chromatography of Extracts

Fifty micrograms each of progesterone, 11-deoxycortico-
iterone (DOC) and corticosterone were added to each dried
residue. In the initial chromatography these extracts were
run in the system hexane-formamide to the front, the papers
7ere removed from the tank and air-dried for about 20 seconds
md then immediately re-chromatographed to the front in the
system hexane-benzene (1:1)-formamide. Under these conditions

srogesterone has an Rf of approximately 0.9, DOC has an Rf
>f about 0.5 and corticosterone, 18-hydroxy-DOC, 18-hydroxy-

rrorticosterone and aldosterone remain together, unseparated,
:lose to the origin. The zones containing progesterone, DOC
md corticosterone were located by ultraviolet (short wave)
scanning and then radioactive peaks were located by radio-
fhromatogram assay. Material in radioactive peaks was eluted
Erom paper chromatograms with methanol.

The corticosterone-containing peak at the origin of the
paper chromatogram was eluted and rechromatographed in the
system benzene-formamide, over-running for four hours. The
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corticosterone internal standard was located by ultraviolet
scanning and a radiochromatogram assay then performed. In
this chromatographic step corticosterone was well separated
from other corticosteroids such as 18-hydroxy-DOC and
aldosterone.

Quantification of Radioactive Peaks

The amount of radioactivity in radioactive peaks could
be roughly calculated from the areas of the peaks. These
areas were measured by triangulation. For more accurate
quantification, aliquots of material eluted from radioactive
peaks were assayed by liquid scintillation spectrometry.

RESULTS

Incubation of progesterone^--*-^ with adrenal homogenates

from control and adrenal-enucleated groups of rats gave rise

to radioactive fractions in the second paper chromatography

which behaved similarly to corticosterone. This material was

tentatively labeled 'corticosterone' and the percentage con¬

versions quoted in Table 6 refer to radioactive measurements

on these fractions without further purification. In addition

incubations from adrenal-enucleated rats yielded radioactive

fractions behaving similarly to DOC in the first paper chro¬

matography step. Small amounts of this DOC-like radioactive

material were also isolated from incubations from control

rats. The figures quoted for DOC in Table 6 refer to radio¬

active assay on these fractions without further purification.

Minute amounts of radioactivity also were found in the pro¬

gesterone areas at the first paper chromatography. The per¬

centage conversion of progesterone-4-^-^C to radioactive DOC
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and total radioactive polar corticosteroids (including cortico-

sterone) was calculated from the liquid scintillation assays

on aliquots from these fractions. The radioactive cortico-

aterone content of the total polar corticosteroid fraction

rfas then obtained from the second paper chromatographic step

in which corticosterone was well separated from other known

rat adrenal corticosteroids. Thus the percentage conversion

of progesterone-4-T4c to corticosterone-l^c: could be deter¬

mined .

Identification of Radioactive Transformation Products

Corticosterone - The 'corticosterone' fractions originating

from incubation of adrenal homogenates from control and adrenal-

enucleated rats were separately pooled. Approximately 50 \ig

amounts of authentic corticosterone were added to aliquots

of the two pooled 'corticosterone' fractions. A single radio¬

active peak was found in each case on paper chromatography in

the chloroform-formamide system to the front. Radioactive

material and added carrier had identical Rf of 0.6. Other

aliquots of radioactive 'corticosterone' fractions were

acetylated and chromatographed on paper to the front in the

system benzene-formamide. Single radioactive peaks were

found having identical Rf (0.8) to added corticosterone

acetate.

Following the addition of 20 mg amounts of authentic
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corticosterone to aliquots of pooled 'corticosterone' frac¬

tions, reverse isotope dilution analyses were performed.

Specific activity determinations were carried out after

several crystallizations, followed by thin-layer chroma¬

tography of free and acetylated corticosterone. Mass deter¬

minations were done by ultraviolet spectrophotometry at

240 m|i.

Table 1. Specific activity determinations on corticosterone--'-^'C
isolated from incubations of progesterone-4-1'^C with adrenal
homogenates from control rats.

Stage of Purification Solvent Specific Activity
dpm/mg

After addition of

corticosterone
1st Recrystallization
2nd Recrystallization
TLC

Acetylation and TLC

Aqueous methanol
Aqueous acetone
Benzene-methanol (7:3)
Benzene-methanol (7:3)

33830
33710
35150
35250
34750

Table 2. Specific activity determinations on corticosterone-l^c
isolated from incubations of progesterone-4-14c with adrenal
homogenates from adrenal-enucleated rats.

Stage of Purification Solvent Specific Activity
dpm/mg

After addition of

corticosterone

1st Recrystallization
2nd Recrystallization
3rd Recrystallization
TLC

Acetylation and TLC

Aqueous methanol
Aqueous acetone
Methanol

Benzene-methanol

Benzene-methanol
(7:3)
(7:3)

21020

21860
22540
21000

22350
22950
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Prom the results reported in Tables 1 and 2, it appears

at the 'corticosterone' fractions actually did contain

rticosterone. In both cases the pre-crystallization

ecific activity was essentially unchanged by crystallization

d thin-layer chromatography. This suggested that the

!orticosterone1 results quoted in Table 6 were very close

> the true values.

.-Deoxycorticosterone - The 'DOC' fractions isolated fol-

>wing incubation of adrenal homogenates of adrenal-enucleated

its at three and five weeks post-enucleation were separately

)oled. Aliquots of these two pooled fractions were acety-

ited and chromatographed in hexane-formamide and hexane-

:nzene (1:l)-formamide. In both systems the acetylated

idioactive fractions gave single peaks with chromatographic

ihavior identical to DOC acetate.

To aliquots of the separate pooled 'DOC' fractions, 20 mg

mounts of authentic DOC were added and reverse isotope di-

ution analysis performed. Specific activity determinations

are done after several crystallizations followed by thin-

ayer chromatography of free and acetylated DOC. The consis-

ency of the specific activity of the 'DOC' fractions through-

ut these procedures seen in Tables 3 and 4, suggested that

t was DOC. Again there was no appreciable change in specific

ctivity from before crystallization through these steps;
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Table 3. Specific activity determinations on 11-deoxycortico-
sterone-l^C isolated after incubation of progesterone-4-14c with
adrenal homogenates from adrenal-enucleated rats 3 weeks post-
enucleation.

Stage of Purification Solvent Specific Activity
dpm/mg

After addition of DOC 3590

1st Recrystallization Aqueous methanol 3470
2nd Recrystallization Acetone 3550
3rd Recrystallization Acetone/ether 3580

TLC Benzene--methanol (95: 5) 3410

Acetylation and TLC Benzene--methanol (95: 5) 3380

Table 4. Specific activity determinations on 11-deoxycortico-
sterone-Uc isolated after incubation of progesterone-4--'-^C with
adrenal homogenates from adrenal-enucleated rats 5 weeks post-
enucleation.

Stage of Purification Solvent Specific Activity
dpm/mg

After addition of DOC - 5200
1st Recrystallization Aqueous methanol 5370
2nd Recrystallization Aqueous acetone 5320
TLC Benzene-methanol (95:5) 5510
Acetylation and TLC Benzene-methanol (95:5) 5390

thusy the 'DOC' assays quoted in Table 6 are probably close

to the actual DOC value.

Other Corticosteroids - In the second paper chromatographic

step the radioactive corticosterone peak was well separated

from three other more polar radioactive peaks which have

been tentatively identified as 18-hydroxy-DOC, 18-hydroxy-
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corticosterone and aldosterone on the basis of paper chroma¬

tographic behavior compared to authentic standards. In

Table 6 only the total percentage conversion to these com¬

pounds has been presented.

Progesterone - Very small radioactive peaks with chromatograph

behavior corresponding to progesterone were occasionally

found in these incubations. No further identification was

attempted.

In Vitro Steroid Production

The initial and terminal systolic blood pressures of the

control and adrenal-enucleated groups of rats at 3 and 5 weeks

post-operation are shown in Table 5. The severe hypertension

which develops in saline-fed, uninephroadrenalectomized rats

with regenerating adrenals is apparent. Table 1 also contains

the mean adrenal weight per rat in these groups and it can be

seen that, although the weights of regenerating adrenals are

less than normal adrenals, good adrenal regeneration does

occur in these immature female rats.

The initial chromatography of extracts of incubation

mixtures in all cases yielded radiochromatogram tracings with

a major peak at the origin corresponding to corticosterone

and more polar corticosteroids. Also present in some cases

was a DOC-like peak and a minute progesterone peak. The

origin peak was fractionated by a second paper chromatography
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Table 5. Mean initial and terminal systolic blood pressures
and mean adrenal weights of control and adrenal-enucleated rats.

Initial Terminal Adrenal
Weeks post- B.P. B.P. Weight

Group No. Operation mm Hg. mm Hg. mg.

Control 10 3 124±2.2* 144±3.3* 36.5
9 5 122±3.9 165±3.7 54.1

Adrenal- 11 3 113±4.1 182±4.1 34.1
enucleated 7 5 123±0.8 221±1.0 42.4

*S .E .M.

as described previously which allowed an estimate to be made

of the corticosterone content of the origin peak. The per¬

centage conversion of progesterone^--*-to 'DOC', 'cortico-

sterone' and polar corticosteroids in the various incubations

is recorded in Table 6.

It can be seen that at 3 weeks post-operation the adrenal

homogenates from adrenal-enucleated rats yielded a steroid

profile completely different from that of the control rats.

In both cases the overall metabolism of the labeled progesterone

was about 99%; however, considerable DOC accumulation occurred

in incubations of adrenal-enucleated rat adrenals with corre¬

sponding decrease in corticosterone biosynthesis. In control

rat adrenal incubations, the progesterone was converted almost

entirely to corticosterone and more polar corticosteroids with

very little radioactivity present in the DOC fraction.
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Table 6. The percentage conversion of progesterone-4-l4C to DOC,
corticosterone and other corticosteroids by adrenal homogenates
from control and adrenal-enucleated rats.

Percentage Conversion to

Weeks post- mg Adrenal Cortico- Other
Group operation per flask DOC sterone Corticosteroids

Control 3 91 2.3 64.5 32.1
91 2.6 71.9 24.8

91 1.6 64.7 33.1

Adrenal- 3 94 31.9 39.2 28.9
enucleated 94 62 .5 25.6 11.9

94 54.3 21.4 24.3

Control 5 75 2 .4 75.2 20.7
75 1.8 82.6 14.4

30 10.6 64.9 22 .9

30 6.0 75 .8 17 .1

Adrenal- 5 75 15.9 55.9 26.1
enucleated 75 9.7 54.3 31.4

30 64.1 19.4 13 .6

30 67 .0 24.0 6.7

Incubations of adrenals of adrenal-enucleated rats at

5 weeks post-operation using 75 mg of adrenal tissue yielded

a steroid profile quite similar to that from control rat

adrenals. The accumulation of radioactivity in the DOC

fraction was much less than in the incubations at 3 weeks

post-operative, suggesting that there has occurred a return

of the ability of the adrenals to synthesize corticosterone

efficiently. However, when homogenates from 30 mg of adrenal

tissue were used, it can be seen that again the steroid pro-
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file from adrenal-enucleated rat adrenal incubations was

vastly different from that of control incubations. Con¬

siderable DOC accumulation occurred and there was a large

decrease in corticosterone synthesis. It can be seen that

in incubations where large accumulation of DOC occurs, this

is at the expense of the corticosterone fraction.

DISCUSSION

In his review of adrenal-regeneration hypertension,

Skelton (25) made several suggestions as to the manner by

which the regenerating adrenal cortex might produce the hyper¬

tensive state. One suggestion was that of an increased

secretion of glucocorticoids (presumably corticosterone) at

some stage of regeneration. Several reports would suggest

that this is not the case; in particular, that corticosterone

is not excreted in excess at the time of development of

adrenal-regeneration hypertension. First of all there is the

observation (2) that thymolysis does not accompany this

hypertension. Secondly, it has been found (26) that resting

levels of plasma corticosterone of rats with adrenal-regene¬

ration hypertension were within the same range as those of

rats bearing intact adrenals. Also these hypertensive rats

showed lower peripheral plasma corticosterone levels in

response to stress than did control rats. Kolthoff et al (27)

have also reported that rats with regenerated adrenal mesenteric
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autografts although having higher glandular corticoid levels

than those of intact glands during stress, have lower plasma

corticoid levels than intact rats.

One other suggestion was that an imbalance (perhaps only

temporary) might exist between the secretion of corticosterone

and aldosterone. For example, Brogi and Pellegrino (14) found

that aldosterone secretion in adrenal venous blood was more

affected by adrenal enucleation than was that of corticosterone.

Masson et ad (15) and Sheppard et ad (16) have obtained similar

results in in vitro experiments. It is not surprising that

aldosterone biosynthesis is much reduced in these adrenal-

enucleated rats as they are given 1% sodium chloride as

drinking solution ad libitum and Singer (16) has shown that

high salt intake markedly reduces aldosterone secretion in

the rat. However, it is difficult to explain how a reduced

rate of corticosterone to aldosterone secretion could cause

this hypertension, especially as corticosterone is only

hypertensive at high concentrations, and correspondingly

elevated plasma levels of corticosterone have not been demon¬

strated in these animals.

Skelton also suggested the rats could became sensitized

to subsequently secreted adrenal corticoids during the period

of adrenal insufficiency which follows the enucleation pro¬

cedure. However, it has been shown (28) that adrenal cortical
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insufficiency fores long as two weeks did not sensitize rats

to the hypertension-inducing property of corticosterone.

The final suggestion was that adrenal-regeneration

hypertension might be brought about by adrenal secretion of

some abnormal and presently unknown steroid. So far the only

report of abnormal steroid formation by regenerating adrenal

glands has been that of Brownell e_t .al (18) concerning the

in vitro conversion of progesterone to 17a-hydroxyprogesterone

and ll-deoxy-17a-hydroxycorticosterone. These compounds were

identified mainly on the basis of chromatographic and spectro-

photometric behavior. LaPlante et ad (20) have failed to

obtain any evidence for the presence of appreciable 17a-

hydroxylase activity in regenerating adrenals and in our

investigations, no radioactive peak corresponding to 17a-

hydroxyprogesterone was found. An interesting observation

is that of Macchi and Wyman (29) who found that ACTH stimulated

regenerating rat adrenal autografts produced less aldosterone

but more corticosterone and a DOC-like compound .in vitro than

did intact control adrenals.

Our experiments have demonstrated that DOC accumulates

in incubations of adrenal homogenates prepared from regene¬

rating adrenals. It would appear that in regenerating adrenals

there is a relative lack of the ll(3-hydroxylating enzyme

system which converts DOC to corticosterone. This deficiency
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is more apparent at an early stage in the regeneration process

in that the regenerating adrenals 5 weeks post-enucleation

metabolize the added radioactive progesterone chiefly to

corticosterone and other polar corticosteroids. The con¬

tinued presence of an lip-hydroxylating enzyme system de¬

ficiency of some degree in these regenerated adrenals at 5

weeks post-enucleation was suggested by the results obtained

when less homogenate was used per incubation. The increased

ability of regenerating adrenals at 5 weeks post-enucleation

to metabolize progesterone to corticosterone, was also found

by Sheppard e_t al (17) in incubations of quartered regene¬

rating adrenals.

Under the conditions of our experiments, added pro¬

gesterone in each case was almost entirely metabolized. The

fact that DOC was found in some incubations would suggest

that the lip-hydroxylating enzyme system is not regenerated

as quickly as the 21-hydroxylating enzyme system responsible

for the conversion of progesterone to DOC.

After the enucleation procedure on uninephroadrenal-

ectomized rats, the animals are virtually adrenalectomized.

The requirement of an intact pituitary for the adrenal

regeneration to occur has indicated that ACTH is almost

certainly involved in the regenerative processes and it seems

reasonable to presume that large amounts of ACTH are secreted
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in response to the hypoadrenocortical state of these animals.

The ACTH will stimulate both adrenocortical growth and corti¬

costeroid production and if the _in vitro experiments reported

here are of significance with regard to the .in vivo situation,

it may be that there is a partial block in corticosteroid

biosynthesis in these ACTH-stimulated regenerating glands

resulting in the production and secretion of DOC. This

situation would be analogous to that found in the hypertensive

form of the adrenogenital syndrome in humans.

The hypertensive potential of DOC in rats on a high

sodium chloride intake was first demonstrated by Selye et ad.

(30). Gross et al (31) demonstrated that DOCA produced

hypertension, perivascular granuloma and renal lesions which

are all seen in adrenal-regeneration hypertension. Aldo¬

sterone, on the other hand, in doses which were equieffective

concerning sodium retention did not produce the same side

effects as DOCA. Rapp (32) was unable to find increased

excretion of mineralocorticosteroids in adrenal venous blood

from regenerating adrenals but it should be noted that the

observations of Gross et jy. (31) point to a dissociation to

a certain extent between sodium-retaining and hypertensive

properties of steroids. We feel that secretion of DOC during

the early phase of adrenal regeneration, in concert with a

high sodium chloride intake could well explain the develop-
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ment of adrenal-regeneration hypertension and also account

for the histopathological alterations seen in this condition.

Realizing the danger of such a hypothesis based on _in vitro

findings, we are at present now measuring DOC secretion in

adrenal venous blood of hypertensive rats and also attempt¬

ing to do peripheral plasma steroid assays. Preliminary

investigations have demonstrated the presence of a DOC-like

compound in adrenal venous blood of rats with adrenal-regene¬

ration hypertension.
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Adrenal-Regeneration Hypertension—An Enigma *

Floyd R. Skelton and Alexander C. Brownie

The hypertension and cardiovascular disease associated with the
experimental conditions of adrenal regeneration following uninephro-
adrenalectomy, contralateral adrenal enucleation and administration
of 1 per cent sodium chloride drinking fluid in young male and female
rats is now well accepted [15, 17, 20, 50, 70, 71]. The operative proce¬
dures used in studies on adrenal regeneration hypertension are shown
in Figure 1. The adrenal enucleation is carried out according to the
procedure of Evans [23] and Ingle and Higgins [38] in which a slit
is made in the capsule through which as much as possible of the
glandular tissue is extruded by gently squeezing the gland with forceps.
Control animals for these studies have either a simple uninephrectomy
or uninephroadrenalectomy performed.

Typical blood pressure changes in control and adrenal-enucleated
groups of rats are shown in Figure 2. A significant increase in blood
pressure can usually be observed in immature rats as early as 2 weeks
following adrenal enucleation although in older animals this increase
can be considerably delayed [13]. It has been clearly demonstrated [72]
that reduction in renal mass and provision of excess sodium chloride
in the drinking fluid are essential for the development of adrenal-
regeneration hypertension and in this there is considerable similarity
to hypertensive disease produced by synthetic corticosteroids.

A large amount of evidence exists which shows that adrenal-
regeneration hypertension only develops in rats in which there is

* This investigation was supported by U.S.P.H.S. Grant HE 06975 from the National
Heart Institute.
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active regeneration of the adrenal cortex. This has always impliec
some functional activity of this newly-formed tissue is of a

importance in the pathogenesis of this syndrome. For example
adrenal regeneration is interrupted by such procedures as 1
physectomy [72], in the presence of the opposite adrenal [72], i
the administration of corticosterone [73] or testosterone propic
[54] the hypertension fails to develop. When synthesis of st
hormones by the regenerating gland has been inhibited by (

amphenone B [16] or diethyl stilbestrol [76] the occurrence of h
tensive disease is also obviated. Transplantation of the enucl
adrenal into the portal circulation so that the secretions of the r
erating gland first pass through the liver before entering the ge
circulation also prevents occurrence of hypertension and vaj
disease [18]. The possibility that some functional activity o

regenerating adrenal is concerned with the development of the h
tension is further supported by the observation that delayin:
regeneration of the adrenal cortex by transplanting the capsule
cutaneously or by leaving the contralateral adrenal gland in plac

Fig. 1. Adrenal enucleation procedure for production of adrenal regeneration hyperi
in the immature rat.
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weeks

Fig. 2. Systolic blood pressure of control and adrenal-enucleated rats.

a period of time before removing it, is accompanied by a concomitant
delay in the production of hypertensive vascular disease [15].

Other supportive evidence for the vital role of the regenerating
adrenal in the development of adrenal-regeneration hypertension
comes from studies of the effect of crowding and gentling on this
syndrome [2, 3]. Both crowding and gentling brought about an
increase in the hypertension seen in rats bearing regenerating adrenals.
Pituitary and adrenal hypertrophy in these stressed animals suggested
increased ACTH secretion which would be expected to stimulate
adrenal regeneration. However, the absence of thymic involution in
these stressed rats would imply that ACTH stimulation was not result¬
ing in increased secretion of corticosterone, the normal glucocortico-
steroid in the rat which causes thymic involution.

Not all investigators are agreed that regenerating adrenal cortical
tissue is important in the pathogenesis of adrenal-regeneration hyper¬
tension. Grollman [29] has suggested that the role of the regenerating
adrenal is indirect and mediated through the kidney. Furthermore the
author has proposed that the hypertension is brought about not by
over-secretion of a hypertensive substance by the regenerating adrenal
but rather by the temporary adrenal cortical insufficiency which follows
adrenal enucleation. He feels that this adrenal cortical insufficiency
might sensitize the rat to the hypertensive property of steroids secreted
by the regenerating adrenal in normal or even subnormal amounts.
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This suggestion has some foundation in the well known sensitivity to
the hypertensive properties of deoxycorticosterone which occurs in
patients with Addison's disease [57].

Skelton [74] examined this hypothesis, by administering corti-
costerone to rats which were uninephrectomized, salt-treated and
bilaterally adrenalectomized. The corticosterone treatment was begun
at various time intervals following adrenalectomy and it was observed
that adrenal cortical insufficiency for as long as two weeks did not
sensitize rats to the hypertension-inducing action of corticosterone.

Soon after Skelton described adrenal-regeneration hypertension
some studies were carried out on adrenal steroid hormone secretion

by regenerating adrenals in an attempt to explain the development of
this syndrome. These initial investigations failed to yield an immediate
answer to the problem. Nevertheless, the search for the 'hypertensive
principle' secreted by regenerating adrenals has been renewed in
several laboratories and a complete review of the literature on this
subject might shed light on the status of adrenal cortical function in
adrenal-regeneration hypertension.

Steroid Hormone Production by Regenerating Adrenals
A. In vivo Investigations

1. Adrenal Venous Blood Steroids. Holzbauer and Vogt [35] meas¬
ured corticosterone secretion in adrenal venous blood from rats

bearing regenerating adrenals. Three rats were studied 4—6 weeks
after enucleation but most rats were studied after 3 months or more

of glandular regeneration. Corticosterone secretion per gram of
regenerating adrenal was within the normal range but as these glands
were usually smaller than normal, secretion per whole gland was about
half that of normal. The male rats used in this study weighed 400 g
and can be considered to be mature animals which do not readily
develop adrenal-regeneration hypertension [13], and in whom the
adrenal does not regenerate as well as in younger, immature animals.
The secretion of corticosterone by the regenerated adrenals was not
affected by intravenous infusion of adrenaline suggesting that secretion
from these smaller regenerated glands was already maximal under the
conditions of adrenal vein blood collection. Brogi and Pellegrino

[7] have measured the secretion of corticosterone and aldosterone in
adrenal venous blood from regenerating rat adrenals over a period
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extending from 8 days to 2 months post-enucleation. Secretion of
both steroids by regenerating glands was very deficient compared to
normal glands when secretion was based on both body weight or
adrenal weight. Aldosterone secretion was more affected than was
corticosterone secretion. These authors also observed that blood flow

through the regenerating gland, when calculated in terms of weight
of adrenal tissue, was normal in the first month of regeneration but
declined later. It may be presumed that the animals used in this study
were young mature female rats which do not show great susceptibility
to the development of adrenal-regeneration hypertension [13, 75].
Masson et al. [51] in an addendum to their paper, report on corti¬
costerone secretion in adrenal venous blood from control unilaterally
adrenalectomized rats and from rats bearing regenerating adrenals.
Both the adrenal secretion rate and the adrenal venous blood con¬

centration of corticosterone were lower in the experimental rats. The
concentration of an unidentified compound which behaved chro-
matographically similar to DOC was also lower in adrenal venous
blood from rats bearing regenerating adrenals.

Weisz et al. [87] measured corticosterone secretion in adrenal
venous blood from rats with adrenal-regeneration hypertension.
Assays were carried out at 1 day, 3-6 days, 13-25 days and 90 days
after enucleation. After initial fluctuation in corticosterone secretion
the secretion rate fell. These authors were unable to demonstrate
increased secretion of other steroids including aldosterone which might
explain the adrenal-regeneration hypertension. They also extracted
steroids from adrenal venous blood from hypertensive rats and found
no effect of this extract on the blood pressure ofnormotensive animals.
Young male rats were used in this study and increases in systolic and
diastolic blood pressure were found in rats bearing regenerating adren¬
als. Rapp [62] measured the mineralocorticoid activity of steroids
extracted from adrenal venous plasma from regenerating and intact
adrenals, 23-27 days post-enucleation. With the rats drinking either
tap water or 1% saline the bioassayed mineralocorticoid activity was
always less in rats with regenerating adrenals than in controls. Rapp
has interpreted these results as evidence that adrenal-regeneration
hypertension does not result from overproduction of mineralo-
corticoids, known or unknown. These studies do not indicate neces¬

sarily that there is no increased mineralocorticosteroid secretion by
regenerating adrenals under basal conditions and in addition it should
be noted that the results of Gross et al. [31] suggest a dissociation to
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a certain extent between the sodium-retaining and hypertensive pro¬
perties of steroids.

Giroud [27] also measured corticosteroid secretion in adrenal
venous blood from regenerating adrenals at various times post-
enucleation. Corticosterone could be detected as early as 3 days post-
operation and gradually increased to reach the same value as uni-
adrenalectomized controls at 30 days post-operation. Aldosterone
secretion on the other hand was definitely subnormal at this time.
LaPlante et al. [42] measured the amounts of Porter-Silber positive
and Blue Tetrazolium reducing compounds in adrenal venous blood
from normal and regenerating adrenals. These authors report an
increased ratio of Porter-Silber positive to reducing lipid in the blood
from regenerating adrenals which would suggest that there was
increased secretion of compounds like 18-hydroxydeoxycorticosterone
(18-hydroxy-DOC).

2. Peripheral Blood Steroids. Fortier and De Groot [24] measured
plasma free corticosteroids and also the amount of active cortical
tissue at various times post-enucleation. Free corticosteroids dis¬
appeared from the plasma within 6-8 hours of the adrenal enucleation
but were detectable at day 4. At day 16 there was a transient slightly
higher than normal level of corticosteroids in the plasma. When the
plasma corticosteroid level was correlated with the amount of cortical
tissue present it was calculated that the secretory activity of the regen¬
erating tissue was about 570% that of the control at 16 days post-
enucleation and 200% after 7 weeks. Pituitary ACTH was measured
at these times and this also showed a peak at 16 days after enucleation
when it was about 300% of the control value. The animals used in
this study were adult male rats weighing about 270 g at operation.

The effect of stress on the plasma corticosterone in normal and
adrenal-enucleated rats was measured by Skelton and Hyde [77] at
various times post-enucleation. Rats bearing one or two regenerating
adrenals showed elevated corticosterone levels in response to stress
at 2 weeks after enucleation. Animals bearing 2 adrenals showed
higher responses than those with only one regenerating adrenal. The
functional capacity of the regenerating adrenals as measured by the
corticosterone rise in response to stress increased with time post-
enucleation although the functional capacity of normal adrenals was
never reached. In a further study Hyde and Skelton [36] examined
both plasma and adrenal corticosterone in control and hypertensive
groups of rats at 21 days post operation. Again the regenerating
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adrenals responded to stress as indicated by increases in plasma corti-
costerone and rats with 2 regenerating adrenals showed greater res¬
ponses than rats bearing only one regenerating adrenal. These responses
were less than those from control animals, despite increased content
of corticosterone in the regenerating adrenals. The response of intact
or regenerating adrenals to stress was not affected by salt load or
uninephrectomy. Hyde et al. [37] showed that plasma levels of corti¬
costerone required to produce hypertension in bilaterally adrenal-
ectomized rats were much above the levels which were present under
basal secretory conditions in rats with regenerating adrenals and even
above the maximum levels produced by stress in such rats [36].

3. Aldosterone Antagonists. As early as 1959 Sturtevant [80]
demonstrated that chronic treatment of rats with the aldosterone

antagonist SC-5233 prevented adrenal-regeneration hypertension and
the accompanying cardiac hypertrophy in immature female rats. More
recently Rapp [61] showed that another aldosterone antagonist,
Aldactone (SC-9420), prevented the increased blood pressure, increas¬
ed renal weight and shift of potassium out of skeletal muscle cells
which occurred in adrenal-regeneration hypertension. Aldactone also
prevented the severe juxtaglomerular degranulation seen in adrenal-
regeneration hypertension thus supporting the observations of
Dunihue et al. [22] using the aldosterone antagonist SC-8109.

At this time it is not possible to suggest a cause of adrenal-regener¬
ation hypertension on the basis of in vivo studies of steroid hormone
production and secretion by regenerating adrenals. This is probably
due to the fact that neither aldosterone nor corticosterone, the steroids
which have been measured in peripheral and adrenal venous blood,
really fit the bill as agents bringing about adrenal-regeneration hyper¬
tension. In addition to the evidence cited above, Kumar et al. [41]
showed that aldosterone brought about hypertension when given to
the rat but the typical cardiovascular lesions seen in adrenal-regenera¬
tion hypertension were not found. Gross and Lichtlen [30] found
that relatively high doses of aldosterone were needed to produce hyper¬
tension in the rat and aldosterone-treated rats did not show macro-

scopically the same yellowish mottled surface of the kidneys of cortex-
one-treated rats or rats with adrenal-regeneration hypertension. Sim¬
ilarly, large amounts of corticosterone induced hypertension in rats
but the cardiovascular lesions were less severe than in adrenal-regen¬
eration hypertension [73]. The hypertension produced by aldosterone
is mild compared to adrenal-regeneration hypertension. Masson [49]
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attempted to mimic adrenal-regeneration hypertension by replacement
therapy with various corticosteroids after removal of regenerating
adrenals. Only a synthetic steroid, methylchlorocortisol, mimicked the
activities of regenerating adrenals and this steroid has a low ratio
cortisol-like/deoxycorticosterone-like activity. Masson suggested that
this activity could be associated with a single unknown steroid secreted
by regenerating adrenals or else could exist in a mixture of steroids
such as corticosterone plus aldosterone or deoxycorticosterone. The
in vivo steroid assays reported so far would not support the hypertension
being associated with a corticosterone-aldosterone mixture but in vitro
investigations of regenerating adrenals have been carried out over the
past eight years to seek other potential hypertensive steroids and
steroid mixtures.

B. In vitro Investigations

Masson et al. [51] measured Blue Tetrazolium reducing material
and corticosterone and DOC production by incubated normal and
regenerating rat adrenal quarters. Investigations were carried out 21
and 30 days after adrenal enucleation. Regenerating adrenals tested
on the 21st day produced less reducing material than control adrenals
but they did show a response to added ACTH. The amounts of corti¬
costerone and DOC isolated from incubations of regenerating adrenals
were also considerably lower than those produced by control adrenals.
The DOC assays reported by these authors were of a compound which
was presumed to be DOC on the basis of its behaviour in a single paper
chromatographic step. These authors also noted that material which
behaved chromatographically like aldosterone was produced in low
amounts by both control and regenerating adrenals, presumably due
to the high salt diet of control and experimental animals. This was also
true in incubations carried out on the 30th day. Corticosterone and
DOC production by regenerating adrenals on the 30th day was as
high as the control adrenals in the absence of ACTH but there was
a smaller response to added ACTH. It is interesting to note that DOC
was found in non-stimulated regenerating adrenal incubations at the
30th day in larger amounts than in control adrenal incubations. These
experiments confirm the in vivo observations that there is a considerably
reduced aldosterone production by regenerating adrenals.

Macchi and Wyman [47] measured the in vitro production of Blue
Tetrazolium-reducing and ultraviolet-absorbing corticosteroids by
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enucleated rat adrenals regenerated in situ and adrenal autografts in
mesenteric and intramuscular sites. The corticosteroid production
rates of adrenals regenerated for 30 days or more were close to normal
and showed normal responses to ACTH stimulation. In further
studies [48] these authors characterized the corticosteroids produced
by regenerating enucleated rat adrenal mesenteric autografts. Studies
were carried out 30 days after transplantation. Aldosterone, corti-
costerone and DOC occurred in incubates from intact and regenerating
adrenals and only aldosterone production appeared to be grossly sub¬
normal. Corticosterone and DOC production of autografts tended to
be slightly higher. These workers also tentatively identified 18-hydro-
xydeoxycorticosterone (18-hydroxy-DOC) and 18-hydroxycorticos-
terone in incubates from normal and regenerating adrenals, but they
were unable to demonstrate any differences in the production of these
compounds. LaPlante et al. [42] reported that regenerated adrenals
incubated with progesterone-4-14C produce increased amounts of
18-hydroxy-DOC when compared to normal adrenals.

Many workers have suggested that adrenal-regeneration hyper¬
tension is brought about by the secretion of some abnormal steroid
hormone. In this regard it has been generally recognized that the rat
adrenal does not normally secrete 17-hydroxylated corticosteroids
[58, 86]. The observation of Brownell et ah [8] that incubated regen¬
erating adrenals were able to make 17a-hydroxyprogesterone and
ll-deoxy-17a-hydroxycorticosterone (Reichstein's Substance S) was
therefore of considerable interest. These compounds were identified
following the incubation of the adrenals in a medium containing
added progesterone. The identification was based on chromatographic
behaviour and color reactions. It is of interest that 17a-hydroxy-
progesterone was only isolated following incubation of adrenals from
rats bearing a single regenerating adrenal, whereas Substance S was
isolated from incubations of adrenals from rats bearing two regen¬
erating adrenals. Hofmann [34] did find material reacting with the
Porter-Silber reagent in the neutral lipid extract from rat adrenal
incubation media, but this is easily accounted for by 18-hydroxy-DOC
which is produced in considerable quantities by the rat adrenal [4, 19].
More recent work of LaPlante et al. [43] suggested that there is, in
fact, a lack of appreciable 17a-hydroxylase activity in the normal and
regenerating rat adrenal cortex. These investigators have shown that
incubation of normal rat adrenals with 17-hydroxyprogesterone yield¬
ed Substance S, but, this compound was not found when 17-hydroxy-



STEROIDS 6:1

266 Skelton, Brownie

progesterone was not added to the incubation medium. Compounds
with the chromatographic behaviour of Cortisol and cortisone were
isolated following incubation with 17-hydroxyprogesterone but these
compounds were not found in incubations of regenerating adrenals
as one would expect if 17-hydroxyprogesterone was being produced.
Strain differences may account for these variances in as much as
Brownell et al. used rats of the Wistar strain and LaPlante et al.
used rats of the Long-Evans hooded strain. One other difference be¬
tween these two investigations is that Brownell et al. used frozen
adrenal tissue whereas LaPlante et al. used fresh tissue. It should be
noted that Karaboyas and Koritz [40] demonstrated conversion of
radioactively labeled progesterone or pregnenolone to Cortisol by
adrenal slices from Sprague-Dawley rats. The extent of 17-hydroxylase
activity was low when compared to 21- and 11-hydroxylase activity in
that incorporation of radio-activity into Cortisol was about 1% of that
into corticosterone. It seems therefore, that although formation of
17-hydroxylated steroids might be possible in the regenerating adrenal,
17-hydroxylated corticosteroids probably play little role in the patho¬
genesis of adrenal-regeneration hypertension.

Sheppard et al. [68] studied the formation of corticosteroids by
adrenals from rats with adrenal-regeneration hypertension in vitro.
Measurements were made at 1,3 and 5 weeks after adrenal enucleation.
Aldosterone, 18-hydroxy-DOC, corticosterone and 18-hydroxycorti-
costerone were separated by paper chromatography and roughly
quantitated. After one week of regeneration the production of all
steroids was greatly decreased compared to normal adrenals. At 3 and
5 weeks of regeneration the adrenals regained the ability to make
corticosterone and 18-hydroxy-DOC to an appreciable degree but the
production of aldosterone remained greatly suppressed during this
period. These rats were on a 1% NaCl drinking solution which has
been shown by Singer [69] to inhibit aldosterone secretion in rats.
Consequently other rats were given tap water to drink for up to
6 weeks following adrenal enucleation. Adrenals from these animals
still showed lower aldosterone synthesis than control intact adrenals.
These investigations again indicate that adrenal-regeneration hyper¬
tension cannot be correlated with increased secretion of aldosterone.
These workers suggested that the altered ratio of aldosterone to corti¬
costerone might be playing an important role in the development of
hypertension.
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Birmingham et al. [5] have studied the in vitro production of corti-
costerone, 18-hydroxy-DOC, 18-hydroxycorticosterone, aldosterone
and compounds less polar than corticosterone by normal and regen¬
erating adrenals from male and female hooded Long-Evans rats.
These studies were carried out 19 to 20 days after adrenal enucleation,
the rats having being kept on 0.25% NaCl—0.025% KC1 drinking
solution for the first 7 days only thereafter being placed on tap water.
Incubations were carried out for 2 two-hour periods in the presence
of added ACTH after a preincubation period. Unfractionated steroids
were measured in the preincubation medium and in the 2 successive two-
hour incubation periods. In the preincubation medium, total steroid
output of regenerating glands was lower than that of normal adrenals
although not appreciably so when expressed on a weight basis. Dur¬
ing the subsequent two incubation periods in the absence of added
ACTH, steroid production by regenerating adrenals was much lower
than by normal adrenals. ACTH addition stimulated steroid production
of normal and regenerating glands, the chief difference being that
production was better maintained in the regenerating glands. Analyses
of individual steroids revealed a marked reduction in the aldosterone
and 18-hydroxycorticosterone fractions in the regenerating adrenal
incubations, and ACTH addition had little effect on the production of
these compounds. Corticosterone and 18-hydroxy-DOC production
was less than normal in unstimulated regenerating adrenals but pro¬
duction of both steroids greatly increased on addition of ACTH to
the incubation medium, the response to ACTH being higher on the
average with regenerating adrenals from female rats than from cor¬
responding controls. Thus these results confirm previous work con¬
cerning the reduced ability of the zona glomerulosa to synthesize
aldosterone and in addition 18-hydroxycorticosterone. Of considerable
interest is the observation that regenerating adrenals had a greater
capacity to respond to long-term ACTH stimulation with an increased
production of corticosterone and 18-hydroxy-DOC than did normal
adrenals. These authors have raised the possibility that 18-hydroxy-
DOC may be playing some important role in the pathogenesis ot
adrenal-regeneration hypertension. This compound has been shown
to have sodium-retaining properties [39, 86] and has been reported to
be more active than DOC in reducing urine volume [5]. The steroids
less polar than corticosterone produced by the regenerating adrenals
in these studies were not identified but they were produced in large
amounts by the regenerating adrenals particularly in response toACTH
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stimulation. The role of steroids in this fraction in the pathogenesis
of adrenal-regeneration hypertension remains to be defined.

In many of the investigations which have been carried out in this
area the steroids which have been measured have not themselves been

rigorously identified. This has been largely due to the minute amounts
of the steroid fractions which are available in the incubation media.
In order to facilitate adequate identification and quantification, in our
laboratory we have measured the ability of regenerating and intact
adrenals to biosynthesize corticosteroids from an added radioactively-
labeled precursor. It was felt that this might also help in the search for
some unknown steroid with hypertensive properties. In our initial
studies [10] young female rats of a Sprague-Dawley strain were used
and investigations carried out 3 and 5 weeks after adrenal enucleation.
We have used as controls rats which were uninephroadrenalectomized.
Progesterone-4-14C was incubated with intact and regenerating adrenal
homogenates and corticosterone-14C was the major metabolite pro¬
duced by intact adrenals whereas regenerating adrenals produced both
corticosterone-14C and DOC-14C. It was found that DOC production
by regenerating adrenal homogenates was considerably greater at 3
weeks post-enucleation than at 5 weeks whereas the ability to synthe¬
size corticosterone was less at 3 weeks than at 5 weeks. These results

suggested to us that at an early stage in the regeneration of the rat
adrenal there might be a relative deficiency in the activity of the
11/S-hydroxylating enzyme system due to a deficiency either in the
11 /^-hydroxylase itself or in the NADPH generating system associated
with this enzyme.

Vescei et al. [84] also measured the incorporation of the radio¬
activity of labeled progesterone into various corticosteroids in normal
and regenerating adrenals. They found no incorporation into aldoste¬
rone and greatly reduced incorporation into 18-hydroxycorticosterone
by regenerating adrenals. Radioactivity was incorporated into corti¬
costerone and 18-hydroxy-DOC and they also observed a radioactive
compound with polarity intermediate between aldosterone and 18-
hydroxy-DOC.

Brownie and Skelton [11] have studied the effect of age and sex
on the metabolism of progesterone by normal and regenerating rat
adrenals. In both immature and mature, male and female rats of a

Sprague-Dawley strain, corticosterone biosynthesis was depressed at
3 weeks after adrenal enucleation and there was a concommitant
increase in DOC biosynthesis. In all cases there was a return of the
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ability to 11/l-hydroxylate DOC at 5 weeks post-enucleation although
the conversion of the progesterone to corticosterone was not as
efficient as in adrenals from animals which were simply uninephro-
adrenalectomized. No outstanding effects of age or sex were found in
this study although it did appear that regenerating adrenals from the
older rats were less efficient in their metabolism of the added radio¬
active progesterone. This latter observation may be related to the
known decreased rate of regeneration in older animals. Previous
studies have clearly shown that older rats of either sex develop a less
severe adrenal-regeneration hypertension than young immature rats
[13, 75]. It is impossible to explain these differences on the basis of
steroid metabolism studies which might suggest that the differences
are due to a greater sensitivity of the young rats to the hypertensive
effect of the adrenal steroids being synthesized by regenerating
adrenals.

More recently in our laboratory we have carried out further studies
on corticosteroid biosynthesis by intact and regenerating adrenal
homogenates. Figure 3 shows the results of a typical experiment in
which incubations were carried out for varying lengths of time. In the
control incubations it can be seen that there is a transient accumulation
of DOC which is rapidly converted to corticosterone. In the incu¬
bations of regenerating adrenals, DOC accumulates in large amounts
and the synthesis ofcorticosterone and other more polar corticosteroids
is grossly impaired. It would appear that 21-hydroxylation of prog¬
esterone occurs quite readily in the regenerating adrenals but the
11 /3-hydroxylation of this DOC is abnormally low.

The 11 /3-hydroxylation of corticosteroids is normally associated
with the mitochondrial fraction of the cell [9, 82], and this has been
confirmed for the rat adrenal [53]. Sweat and Lipscomb [83] and
Grant and Brownie [28] demonstrated that NADPH was a required
cofactor for 11/3-hydroxylation using in vitro incubations of beef
adrenal mitochondria. NADPH is also a required cofactor for the
21-hydroxylation of steroids in the adrenal [64]. We have recently
investigated the role of NADPPI in the metabolism of progesterone
by normal and regenerating adrenals [12]. Figure 4 shows the results of
one such experiment in which it appears that addition of NADP plus
fumarate yields normal steroid biosynthesis in regenerating adrenals.
The addition of NADPH alone also yields normal biosynthesis. These
results suggest to us that in regenerating adrenals about 3 weeks after
enucleation there may be a deficiency in NADPH generation. The
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accumulation of DOC may reflect such a deficiency in NADPH gener¬
ation. When corticosteroidogenesis occurs in rat adrenal preparations
in the presence of low NADP concentrations, DOC accumulates from
either endogenous precursor cholesterol or from added progesterone

minutes

minutes

Fig. 3. Progesterone-4-14C metabolism by control and regenerating adrenals. Effect of
time of incubation on the percentage conversion of progesterone to corticosterone (solid

stars), DOC (solid circles), and other polar corticosteroids (open stars).
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[59]. It appears that in normal adrenals in the presence of added
fumarate sufficient NADPH is generated to allow normal corti-
costeroidogenesis whereas in the regenerating adrenals this is not so.
The vital role played by the NADPH concentration on the corti¬
costeroids synthesized is emphasized by these experiments in which
sufficient cofactor may be available to allow efficient 21-hydroxylation
of progesterone to DOC but virtually no 11 /3-hydroxylation of the
DOC to corticosterone.

DOC

P

20 40 60 80

1 MAE

■i CONTROL

Fig.4. Effect of NADP on the metabolism of progesterone-4-14C by control and regener¬
ating (AE) adrenals. Percentage conversion to corticosterone (B), DOC, other polar

corticosteroids (O) and residual progesterone (P).

Hilf and Burnett [33] have measured the activities of glucose-6-
phosphate dehydrogenase, TPN-malic dehydrogenase, cyclic adenine¬
s', 5'-phosphodiesterase and glucose-6-phosphatase in autoplastic
transplanted regenerating rat adrenals. Immediately after transplan¬
tation there was a marked decrease in all enzyme activities followed
by a gradual increase in activities such that these reached about 75%
of normal at 30 days post-transplantation. ACTH treatment of the
animals led to an increase in glucose-6-phosphate dehydrogenase
activity but no increase in the other enzymes studied or in the plasma
corticosterone. These authors suggest that the enhanced dehydrogenase
activity may only reflect the requirement by the adrenal cells for
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NADPH during growth and development taking into account the
relationship of NADPH to protein synthesis [88]. It may be that
competition for available NADPH in the early days of adrenal regen¬
erations results in a relative lack of this cofactor for corticosteroido-

genesis such that corticosterone biosynthesis is impaired and DOC
is produced in larger than normal amounts. What might also be
involved is a decreased intramitochondrial synthesis ofNADPH which
would especially affect 11/3-hydroxylation.

Electron Microscopy of the Regenerating Adrenal

A number of studies have been reported on the electron micro¬
scopy of the adrenal cortex of the rat under normal conditions [1, 6,
44, 45, 55, 66, 89], conditions ofACTH stimulation [46, 67, 79, 81, 89],
sodium deprivation [26] and during adrenal cortical regeneration [56].
Important investigations have also been carried out on the mouse
adrenal [52], the adrenal of the nutria [78], and on the human adrenal
under ACTH stimulation [14]. Recent studies in our laboratory in
collaboration with Dr. H. Themann* have concerned the ultrastruc-
tural changes in the regenerating adrenal cortex of rats which develop
adrenal-regeneration hypertension and the possible correlation of such
changes with steroid biogenesis determined in vitro. We have been
particularly concerned with structural changes in the mitochondria
which are known to play a vital role in adrenal steroid hormone bio¬
synthesis [9, 32, 65, 82].

Morphological and biochemical studies were done at 1, 2, 3 and
5 weeks following adrenal enucleation (Fig. 5-10). The fasciculata cells
of the regenerating adrenal were significantly different from the
controls during the first three weeks of regeneration. First of all there
was a large decrease in the number of 'dark' cells. The mitochondria
were swollen with a very light matrix and frequently the number of

* Visiting Professor from University of Muenster, Germany

Fig. 5. Electron micrograph of a fasciculata cell from a normal adrenal. A nucleus (N) is
shown and closely-packed mitochondria (m) which show many tubuli and a dense matrix.
In the cytoplasm there are many lipid droplets (1), and structures of rough-surfaced
endoplasmic reticulum (e). Note the close association of the lipid droplets to the mito¬
chondria. The area of high density around the lipid droplets is a staining effect. x 27 750.
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tubuli were reduced and were in a predominantly peripheral position.
Parallel ranged tubuli were often found in the center of the mito¬
chondria. The number of mitochondria was not increased in the early
stages of regeneration and the lipid content of these cells was also
considerably decreased.

The endoplasmic reticulum was frequently vacuolized and widened,
especially in the first week and there was an increase in smooth sur¬
faced membranes and a decreased number of ribosomes. During the
third week, the structure of many cells was restored but there were

many cells which showed the abnormalities typical of the first two
weeks. During the fifth week the structure was largely restored yet
the number of 'dark' cells was still decreased.

The regenerating adrenal during the first two weeks showed very
poor conversion of added progesterone to the normal rat adrenal
secretory products, corticosterone, 18-hydroxy-DOC and aldosterone.
This defect seems to be related to some deficiency in NADPH gener¬
ation. The light appearance of the mitochondria in our material,
particularly in the second week is very likely the expression of the
high stress associated with the synthesis of new structures of the cell.
The regeneration of new structures is rather rapid and NADPH is
known to be involved, thus it may be that these ultrastructural changes
we have found are related to the alterations seen in steroid biosyn¬
thesis. The decrease in the number of lipid droplets in the first 3 weeks
of regeneration may reflect utilization of all the adrenal cortical
hormones and precursors being synthesized at that time [21].

Conclusions

This work from our laboratory and from Dr. Birmingham's in
Montreal has raised the question of the role of steroids such as DOC
and 18-hydroxy-DOC in the pathogenesis of adrenal-regeneration
hypertension. It is now well recognized that 18-hydroxy-DOC is a
major secretion product of the rat adrenal cortex [4,19] and a function
for this hormone in the development of adrenal-regeneration hyper¬
tension would not be difficult to understand. Production of DOC or

DOC-like compounds in trace amounts has been reported over the
years and recently Vinson and Rankin [85] have shown that DOC is
produced in vitro and in vivo by the rat adrenal. Production in vivo was
about 30% of that of corticosterone and 50% of that of 18-hydroxy-
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Fig. 6. Electron micrograph of fasciculata cell from regenerating adrenal one week post-
enucleation. The mitochondria show a large decrease in tubuli which are arranged pre¬
dominantly at the periphery. There is a light matrix with occasional lipid droplets. Note

the increase in smooth-surfaced endoplasmic reticulum, x 30 000.
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Fig. 7. Electron micrograph of fasciculata cell from regenerating adrenal two weeks post-
enucleation. There are numerous mitochondria with light matrix. Note the absence of

lipid droplets and the increase in smooth-surfaced endoplasmic reticulum. X 18000.
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Fig. 8. Electron micrograph of fasciculata cell from regenerating adrenal three weeks post-
enucleation. Mitochondria have a light matrix and decreased number of tubuli which
are often peripherally located. The smooth-surfaced endoplasmic reticulum is increased.

X27750.
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Fig. 9. Electron micrograph of fasciculata cell from regenerating adrenal three weeks
post-enucleation. Mitochondria show invaginations typical of ACTH stimulation.

X22500.

DOC, and these authors suggest that DOC as well as aldosterone may
be controlling electrolyte flux in the rat. If the ratio of DOC to corti-
costerone is increased in the regenerating adrenal, such a change may
well bring about adrenal-regeneration hypertension. This abnormality
in steroid biosynthesis may only be transitory but the hypertension
may continue when the adrenal steroid secretion returns to normal.
It has been shown that in DOCA-induced hypertension in the rat,
subsequent cessation of DOCA treatment does not lead to normo-
tension [25]. In support of a possible role of DOC in the production
of adrenal-regeneration hypertension are the electrolyte changes
reported by Rapp [60]. One week after adrenal enucleation he found



Fig. 10. Electron micrograph of fasciculata cell from regenerating adrenal five weeks
post-enucleation. Cell has a more normal fine structure but the matrix of the mitochondria
is light and the number of tubuli is reduced. Note the prominent Golgi apparatus (g) and

the increased number of ribosomes. X 33 750.
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electrolyte changes similar to adrenal insufficiency and at 2 weeks and
later the changes were similar to those seen in DOC treatment.

Final solution of this enigma will no doubt come when techniques
are developed for the measurement of all of the adrenal secretory
products in rat peripheral plasma. It should be possible to measure
small quantities of DOC in plasma using a gas chromatographic
method employing electron capture detection of a suitable derivative.
Rapp and Eik-Nes [63] have demonstrated that DOCA can be measur¬
ed at the nanogram level by electron capture detection and preliminary
studies in our laboratory using such a method have shown that DOC
is indeed present in peripheral blood in the rat.

Summary
The fact that adrenal-regeneration hypertension develops only in

rats bearing actively regenerating adrenocortical tissue has always
implied a central role of this newly formed tissue in the pathogenesis
of the syndrome. Early attempts at the identification and quantitation
of secretory products of the regenerating adrenal have clearly shown
that aldosterone secretion is markedly reduced and that corticosterone
secretion is subnormal at a time when the hypertension is actively
developing. Several in vitro studies have been performed in efforts to
further characterize the secretory activity of regenerating adrenals and
have led to the suggestion that increased 18-hydroxy-DOC and
DOC secretion may be important in the pathogenesis of adrenal-
regeneration hypertension. Work in our laboratory has shown that
the DOC production of regenerating adrenal homogenates is con¬
siderably greater early in the development of the hypertension than
thereafter and also that DOC accumulation may be related to disturb¬
ances in NADPH generation. Concomitant electron microscopic
studies have indicated gross abnormalities of mitochondrial morphol¬
ogy during the early stages of the regenerative process. Some asso¬
ciation might therefore exist between this morphologic abnormality
and the accumulation of abnormal quantities of DOC and 18-hydroxy-
DOC.
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Trivial names and abbreviations refer to the following com¬
pounds: corticosterone (B) = 11(3,21 -dihydroxypregn-4-ene-3,20-
dione; 11-deoxycorticosterone (DOC) = 21-hydroxypregn-4-ene-
3,20 -dione; 18 -hydroxycorticosterone = 11 (3,20,21-trihydroxy -18-
20-epoxypregn-4-ene-3-one; 18-hydroxy-11-deoxycorticosterone
(18-OH-DOC) = 20, 21-dihydroxy-18, 20- epoxypregn - 4 - ene - 3 -

one; aldosterone = 11/3,2 l-dihydroxy-3,20-dioxopregn-4-ene-18-
al; methylandrostenediol (MAD) = 17a-methylandrost-5-ene-3/3,
17/3-diol.
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Recently there has been considerable interest in the in vitro
corticosteroid synthesis in regenerating rat adrenal glands
(Sheppard et al., 1964; Birmingham et al., 1965; Brownie and
Skelton, 1965; Vecsei et al., 1966). It has been recognized for
many years that adrenal-regeneration hypertension develops
only in rats in which there is active regeneration of the adrenal,
and this has implied to us that some functional activity of this
newly formed tissue is important in the pathogenesis of this syn¬
drome.

Most workers are in agreement that regenerating adrenals
have a grossly impaired ability to synthesize aldosterone and
18-hydroxycorticosterone in vitro. Corticosterone and 18-hy-
droxy-ll-deoxycorticosterone (18-OH-DOC) production is also
reduced in the first 2 weeks following adrenal enucleation; how¬
ever, at 3 to 5 weeks of regeneration the adrenals appear to re¬
gain the ability to make corticosterone and 18-OH-DOC to an

appreciable degree. Birmingham and co-workers (1965) have
made the interesting observation that regenerating adrenal quar¬
ters have a greater capacity to respond to long-term ACTH
stimulation with an increased production of corticosterone and
18-OH-DOC than do normal adrenals. This finding raises the
possibility that 18-OH-DOC may have an important role in the
pathogenesis of adrenal-regeneration hypertension. Vecsei and
co-workers (1966) have also reported that regenerating adrenal
quarters 30 days postenucleation synthesize more 18-OH-DOC
and corticosterone from 4-14C-progesterone than do normal
adrenals.

Brownie and Skelton (1965), using homogenate preparations,
have shown a markedly reduced ability of regenerating adrenals
to convert progesterone to corticosterone during the early phases
of regeneration. In these studies, most noticeable was a large
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accumulation of 11-deoxycorticosterone (DOC), apparently due
;o the presence of normal 21-hydroxylase activity. The defect
n 11/3 -hydroxylation observed was much greater at 3 weeks
:han at 5 weeks following adrenal enucleation. These studies
raised the possibility that DOC might also be involved in the
pathogenesis of adrenal-regeneration hypertension.

Skelton (1953) reported that methylandrostenediol (MAD)
administration caused hypertension and renal and cardiac hy¬
pertrophy in uninephrectomized female rats allowed 1% sodium
phloride to drink. These effects of MAD are very reminiscent
pf those produced by mineralocorticoids such as DOCA. Salgado
and Selye (1954) reported that MAD is not effective in rats sen¬
sitized by unilateral nephrectomy and a high sodium diet when
;he adrenal glands are absent. These authors have postulated
hat MAD interferes with the normal secretory activity of the
idrenal, inducing the latter to produce an excess of mineralo-
porticoid hormones. Skelton (1953) did show that MAD produced
a peculiar adrenal cortical necrosis, characterized by hyaline
naterial in the sinusoids and intracellular hyaline or colloid
nclusion bodies. Saffran and Vogt (1960) found that MAD admin-
.stration to rats for relatively short periods dramatically re-
iuced corticosterone secretion in the adrenal venous blood.

The work reported here is an attempt to further investigate
:he 11/3-hydroxylation deficiency of regenerating adrenals and
:o correlate these studies with morphological changes in such
idrenals observed using the electron microscope. The effect of
WAD on corticosteroidogenesis in the rat adrenal in vitro has
also been studied. Furthermore, a correlative electron-micro¬
scopic investigation of the effect of this steroid on adrenal cor¬
real morphology has been made.

METHODS

In the adrenal-regeneration-hypertension studies, female
ioltzman rats aged 44 days at time of operation have been used.
Control groups had the right kidney and right adrenal removed
inder ether anesthesia. Rats in experimental groups (AE) had
he right kidney and right adrenal removed and the left adrenal
mucleated according to the method of Skelton (1955). All rats
vere then continued on Purina Chow and 1% sodium chloride as

irinking solution.
In the MAD studies male and female Holtzman rats aged 44

lays at operation have been used. Control and experimental
groups had the right kidney removed under ether anesthesia.
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Following uninephrectomy all rats were fed Purina Chow and
given 1% sodium chloride as drinking solution. Experimental
groups received subcutaneous injections of 10 mg of MAD daily
for varying periods of time. The steroid was a microcrystalline
suspension in 0.2 ml of distilled water. Control groups received
subcutaneous injections of 0.2 ml of distilled water daily.

Incubations of homogenates and steroid analyses were carried
out essentially as described by Brownie and Skelton (1965). Con¬
trol and regenerating adrenal mitochondria were prepared by
differential centrifugation according to the method of Hogeboom
and co-workers (1948) following homogenization of the adrenal
tissue in 0.25 or 0.5M sucrose.

4-14C-Progesterone and l,2-3H-DOC were used as steroid
precursors and were obtained from New England Nuclear Cor¬
poration. These labeled steroids were purified by paper chro¬
matography prior to use in incubation experiments.

For the electron-microscopic studies rats were killed by de¬
capitation and the adrenal glands immediately removed, minced
in 4.5% glutaraldehyde buffered with collidin or sodium phos-
pate to pH 7.3. After 11/2 hours the tissue fragments were
removed and washed for 10 to 20 hours in buffer at pH 7.3 fol¬
lowed by additional fixation for 1 1/2 hours in 3% osmium tetrox-
ide buffered with collidin or sodium phosphate to pH 7.3. The
tissues were then washed for 15 minutes in three changes of col¬
lidin buffer and transferred into 70% alcohol. After dehydration
in graded concentrations of alcohol and propylene oxide the tis¬
sue fragments were embedded in Epon or Maraglas. Sections
were cut on a Porter-Blum ultramicrotome and stained for 2
minutes in saturated uranyl acetate solution followed by 10 min¬
utes in lead citrate. The sections were studied in an Elmiskop I
(Siemens) electron microscope.

RESULTS

Adrenal-Regeneration Hypertension

EFFECT OF INCUBATION TIME ON CORTICOSTEROIDO-
GENESIS. Control and experimental rats were killed 3 weeks

after operations. To allow for the relatively large amount of ne¬
crotic tissue in regenerating adrenals at this time, 75 mg of re¬
generating adrenal tissue was used in incubations and only 50 mg
of control adrenal tissue. Incubations of homogenate prepara¬
tions were done with 4-14C-progesterone as precursor, the re-
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minutes

FIG. 1. Effect of incubation time on corticosteroid synthesis from
4-14C-progesterone by normal and regenerating adrenal homogenates. Per¬
centage conversion of progesterone to corticosterone (solid stars), DOC (solid

circles), and other polar corticosteroids (open stars) is plotted against incuba-
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actions being stopped at various times. The results are shown
in Fig. 1. It will be observed that in the control incubations there
is a transient accumulation of DOC and a rapid synthesis of cor-
ticosterone. The regenerating adrenal homogenates, in contrast,
synthesize only small amounts of corticosterone, but there is
considerable accumulation of DOC.

EFFECT OF NADP. The above experiments indicate that
21-hydroxylation in regenerating adrenal homogenates occurs
readily, whereas 11 /3-hydroxylation is impaired. It is well known
that NADPH is a necessary cofactor for enzymic 11 (3-hydroxy¬
lation as well as other steroid hydroxylations. Incubations were
again carried out with control and regenerating adrenals 3 weeks
postoperation and the effect of NADP and NADPH measured. It
will be seen (Table 1) that in the presence of fumarate plus

TABLE 1

Effect of NADP and NADPH on the Conversion of 4-14C-Progesterone to
Corticosteroids by Normal and Regenerating Adrenal Homogenates3

Proges-
terone, DOC, B, 18-OH-DOC,

Group Cofactors % % % %

Control Fumarate 1.2 19.5 46.8 16.5
Fumarate +

NADP 1.0 COt-H 70.0 22.5
NADPH 2.5 1.7 68.5 18.8

AE Fumarate 2.0 85.1 9.0 2.1
Fumarate +

NADP 0.8 1.0 71.2 24.0
NADPH 1.8 1.4 70.5 23.0

Hncubations of 50 mg control and 75 mg regenerating adrenal
tissue for 30 minutes at 37°C in Krebs-Ringer bicarbonate con¬

taining 100 mg% sodium fumarate; 2 mg NADP or NADPH used.

NADP or of NADPH alone, normal corticosteroid biosynthesis
is obtained in regenerating adrenal homogenates. The accumu¬
lation of DOC in the regenerating adrenal incubations reminds
one of the results obtained by Peron (1964) when corticosteroid-
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ogenesis is studied in normal rat adrenal preparations in the
presence of low NADP concentrations. In this case DOC accu¬
mulates either from endogenous precursor cholesterol or from
added progesterone. This observation has been confirmed in the
recent studies of Sheppard and co-workers (1966).

STEROID SYNTHESIS AT DIFFERENT POSTOPERATION
TIMES. In young male or female rats bearing regenerating

adrenals having a reduced renal mass and given 1% sodium chlo¬
ride as drinking solution, a significant increase in systolic blood
pressure is seen as early as 2 weeks postenucleation (Skelton,
1956; Brownie et al., 1966). The increased systolic blood pres¬
sure is very marked at 3 weeks and later, and there is accom¬
panying severe cardiovascular disease. A study was made of
corticosteroidogenesis from 4-14C-progesterone and 1,2-3H-11-
deoxycorticosterone at 2, 3, and 5 weeks following adrenal enu¬
cleation. The effect of the addition of NADP to the incubation
flasks was also examined at these time intervals.

The results are to be found in Fig. 2, 3, and 4. It will be seen
that at all time periods, in the absence of added NADP, the re-

2 WEEKS

CONTROLS AE Cofactors

FUMARATE
B bihhhhi B n +
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FIG. 2. Effect of NADP on corticosteroid synthesis from 4-14C-pro-
aesterone and 1,2-3H-11-deoxycorticosterone by normal and regenerating
adrenal homogenates at 2 weeks postoperation. Used in each incubation was 75
mg regenerating adrenal tissue and 40 mg control adrenal tissue; 1 mg NADP
was added to incubations and these were for 20 minutes.
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FIG. 3. Effect of NADP on corticosteroid synthesis from 4-14C-pro-
gesterone and 1,2-3H-11-deoxycorticosterone by normal and regenerating
adrenal homogenates at 3 weeks postoperation. Incubation conditions were the
same as in Fig. 2.
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FIG. 4. Effect of NADP on corticosteroid synthesis from 4-14C-pro-
gesterone and 1,2-3H-11-deoxycorticosterone by normal and regenerating
adrenal homogenates at 5 weeks postoperation. Incubation conditions were the
same as in Fig. 2.
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generatimg adrenal homogenates form very little l4C-corticoste-
rone from added 4-14C-progesterone. Although not shown here,
the production of other steroids, such as 18-OH-DOC, 18-hy-
droxycorticosterone, and aldosterone, was also low. Accumula¬
tion of DOC was high in these incubations. In the presence of
fumarate and NADP, corticosterone synthesis from progesterone
was normal in the incubations of regenerating adrenals removed
at 3 and 5 weeks but there was little effect on the activity of re¬
generating adrenals removed at 2 weeks. The results with 1,2-
3H-DOC as precursor confirm those obtained with 4-14C-proges-
terone.

INCUBATIONS OF REGENERATING ADRENAL MITOCHON¬
DRIA. Homogenate experiments have indicated a defect in

11/3-hydroxylation of DOC, a step which has been associated
with the mitochondria of the adrenal cortical cell. The isolation
of intact regenerating adrenal mitochondria has proved difficult
in the first few weeks postenucleation. Regenerating mitochon¬
dria isolated at 5 weeks have shown poor 11 /3-hydroxylating
activity when compared to mitochondria prepared from control
adrenals by identical techniques. At 7 and 8 weeks more active
preparations have been obtained, and results of these studies
are to be found in Table 2. It will be seen that 11/3 -hydroxylating
activity of these regenerating adrenal mitochondria is somewhat
lower than that of controls. In the presence of NADPH normal
activity was again present.

TABLE 2

Metabolism of 1,2-3H-11-deoxycorticosterone by Normal and Regenerating
Homogenates and Mitochondria3

Group
Incubation
Conditions

DOC,
%

B,
%

18-OH-DOC,
%

Controls Homogenate 2.7 58.6 28.0
Mitochondria 41.1 36.0 16.2

AE Homogenate 27.9 42.4 19.8
Mitochondria 61.8 24.0 11.2

a Homogenate incubations were with 50 mg adrenal tissue.
Mitochondrial incubations used mitochondria prepared from
100 mg tissue; incubation time 10 minutes.
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ELECTRON MICROSCOPY OF THE REGENERATING ADRE¬
NAL. Our morphological studies of the regenerating adrenal

have been particularly directed toward the structural charac¬
teristics of the mitochondria, which are known to play an im¬
portant role in steroid biogenesis. In the normal zona fascicu-
lata cell of the rat adrenal the mitochondria are round or oval
and contain closely packed tubular cristae which are generally
seen in cross section as vesicles in electron micrographs (Plate
III). One of the early striking changes in the regenerating adre¬
nal cortex as compared to the normal cortex has been the de¬
creased number of "dark" cells. In the regenerated adrenal cells
2 weeks after adrenal enucleation the most prominent mitochon¬
drial change was their reduced number, swollen appearance,
and abundance of electron lucid matrix. The number of tubular-
vesicular cristae was markedly reduced also, and they were in
a predominantly peripheral position (Plate IV). Smooth-surfaced
endoplasmic reticulum appeared to be increased in amount and
prominently dilated. Cytoplasmic lipid vacuoles were virtually
absent but electron-dense material (lipid?) was seen in some
mitochondria.

At 3 and 5 weeks after adrenal enucleation the regenerated
cells generally showed a return toward more normal structure.
Mitochondria became more numerous but continued to possess
decreased numbers of cristae, often arranged peripherally
(Plate V) and seen as vesicles or occasionally as parallel tubules
whose membranes were continuous with vesicles or the internal

limiting membrane of the mitochondrion (Plate VI). After 5 weeks
of cortical regeneration many cells possessed mitochondria
which had the more normal appearance of these organelles, but
other cells still contained mitochondria with less than a normal

complement of cristae and the endoplasmic reticulum was di¬
lated (Plate VII).

Methylandrostenediol Hypertension

EFFECT OF MAD ON 4-l4C-PROGESTERONE METABO¬
LISM BY THE RAT ADRENAL. Homogenates were prepared

from normal rat adrenals and incubated for short periods with
4-14C-progesterone in the presence of fumarate with or without
added NADP. Methylandrostenediol in 10- and 20-/.ig amounts
was added to some incubation flasks but there was no noticeable
effect on the conversion of progesterone to corticosterone and
other corticosteroids. These experiments were repeated with
100 and 200 jug of MAD added to the adrenal homogenates, but
again there was no inhibition of corticosterone formation.
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CORTICOSTEROIDOGENESIS IN RAT ADRENALS AFTER
MAD TREATMENT. In these experiments female rats were

:reated with MAD for varying periods of time and, at sacrifice,
he metabolism of 4-"C-progesterone by adrenal homogenates
from treated and control groups measured. In the first such ex¬
periment rats were treated for 18, 25, and 32 days, treatment
leing given on only 5 days of each week. The results can be seen
in Table 3. It will be observed that even in the rats treated with
VIAD for only 18 days, corticosteroidogenesis from added pro¬
gesterone is markedly abnormal. In the absence of added NADP
ilmost no corticosterone or 18-OH-DOC is formed, and even
with added NADP the difference between control and MAD-treated
inimals is very noticeable, especially in the 10-minute incuba-
:ion period. On the other hand, the formation of DOC from pro¬
gesterone can occur very readily at this time. After 25 days of
treatment the disturbance in corticosteroid synthesis is still
greater. Even in the presence of added NADP, the adrenal ho-
nogenates from MAD-treated animals show negligible corticos¬
terone and 18-OH-DOC formation even after the 20-minute in¬
tubation. In the absence of added NADP, much progesterone is
mmetabolized and all the metabolism appears to be to DOC. The
DOC accumulation is particularly marked in the presence of
NADP. After 32 days of treatment similar results were found to
those obtained at 25 days, except that the adrenals from MAD-
ireated rats did synthesize small but significant amounts of cor¬
ticosterone and 18-OH-DOC when NADP was added.

In view of the abnormal corticosteroid biosynthesis in the
idrenal after 18 days of treatment, a further study was carried
)ut in which female rats were treated with MAD for 5, 12, and
19 days; again treatment was given on only 5 days of each week,
[t can be seen from Table 4 that after only 5 days of treatment
:he adrenals show significantly diminished corticosteroid syn¬
desis as compared to the controls. In the presence of added
NADP, adrenal homogenates from experimental groups treated
for 5 and 12 days can synthesize corticosterone and 18-OH-DOC
from progesterone; however, after 19 days of treatment almost
ill the progesterone is converted to DOC.

The effect of MAD on the male rat has also been investigated.
Male rats treated for 35 days with MAD developed hypertensive
cardiovascular disease with nephrosclerosis and renal hyper¬
trophy. As can be seen from Table 5, corticosteroid synthesis
from progesterone was grossly impaired by such treatment, and
igain there was little corticosterone and 18-OH-DOC formation
ind a large accumulation of DOC.

In further studies the effect of MAD treatment on corticos-
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61.6 54.9 84.9 86.0 66.0 82.2 32.6 48.5 47.3 57.0 40.4

0.7 0.5 80.7 14.7 4.0 0.5 91.6 88.6 13.0 0.2 74.fi

20.9 23.5 0.5 1.2 14.1 9.1 1.4 1.7 13.5 24.5 7£

62.2

8.5

27.8

58.5

12.0

30.0

9.1

0.3

5.5

47.6

0.7

24.4

58.7

5.6

20.4

56.8

4.4

33.5

3.4

0.8

1.8

6.0

0.9

3.1

50.2

8.1

19.7

67.7

10.7

22.6

14.4

3.8

7.2

25.2

3.8

12.6

CO
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a
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TABLE4

EffectofMethylandrostenediolonRatAdrenalCorticosteroidogenesis—Treatmentfor5,12,and19Days3 Daysof Treat¬

Incu¬ bation Time,

Progesterone

DOC

B

18-OH-
■DOC

Group

ment

min

—NADP

+NADP

-NADP

+NADP

-NADP

+NADP

—NADP

+NADP

Control

5

10

15.2

2.0

67.1

5.2

10.7

55.7

5.2

29.0

5

20

3.8

0.8

56.9

0.6

23.7

59.2

12.1

31.4

MAD

5

10

43.9

2.5

44.3

58.4

7.1

23.5

3.4

11.8

5

20

8.6

2.8

60.9

0.4

18.3

58.0

9.0

36.5

Control

12

10

2.4

1.9

59.2

0.6

22.3

59.1

11.5

30.0

12

20

1.5

1.3

50.8

0.8

28.6

57.4

14.2

30.1

MAD

12

10

36.2

3.6

60.3

78.6

2.1

10.7

1.0

5.4

12

20

12.6

1.0

83.3

12.1

2.5

52.2

1.2

26.1

Control

19

10

5.2

1.2

67.6

0.3

16.0

59.1

7.8

29.8

19

20

1.5

0.6

58.6

0.4

24.0

58.2

11.8

30.0

MAD

19

10

41.6

1.5

55.0

90.3

2.1

5.1

1.0

2.4

19

20

31.7

0.8

65.5

85.5

1.7

8.7

0.7

3.5

aIncubationconditionsasinTable3.



STEROIDS 6:1

704 Functions of the Adrenal Cortex

TABLE 5

Effect of Methylandrostenediol on Corticosteroidogenesis in Male Rat Adrenal
Homogenates3

Incu¬
bation

Time, Proges-
Group min NADP terone DOC B 18-OH-DOC

Control 10 — 42.0 31.0 16.2 8.1
20 - 21.2 53.5 15.2 7.7

10 + 0.0 0.0 61.2 30.0
20 + 3.1 0.0 58.2 29.5

MAD, 10 — 73.6 26.4 0.0 0.0
35 days 20 - 61.8 38.2 0.0 0.0

10 + 1.3 97.5 0.7 0.3
20 + 0.0 85.4 8.8 4.5

aIncubation conditions as in Table 3.

teroid synthesis from 4-l4C-progesterone by both adrenal ho¬
mogenates and slices has been examined. Groups of female rats
were treated for 7, 14, and 21 days with MAD, the steroid being
given every day. After 21 days of treatment the MAD-treated
rats showed a significant increase in systolic blood pressure
and marked renal hypertrophy. The results of adrenal incuba¬
tions are given in Table 6. It is possible to distinguish a dimin¬
ished corticosterone and 18-OH-DOC production in the adrenal
homogenates from MAD-treated rats after 7 days of treatment,
and, as before, this impairment increased after 14 and 21 days
of steroid injection. The metabolism of 4-14C-progesterone by
adrenal quarters from MAD-treated rats also was low. This de¬
crease was less apparent after 7 days of treatment but was
marked in the rats treated for 21 days.

ELECTRON-MICROSCOPIC OBSERVATIONS ON THE ADRE¬
NALS OF MAD-TREATED RATS. Since a more complete

description of the electron-microscopic changes which occur in
the adrenal cortex of MAD-treated rats will be published else¬
where, the observations presented here will be limited to those
which seem to be related to the processes of steroid biogenesis.



EffectofMethylandrostenediolonCorticosteroidogenesisinRatAdrenalHomogenatesandSlices—Treatmentfor7,14,and21Days3 Incu-

DaysofbationprogesteroneDOCB18-OH-DOCTreat-Time,
Groupmentmin—NADP+NADP-NADP+NADP—NADP+NADP-NADP+NADP Homogenates

Control

7

10

5.6

2.6

69.7

0.6

15.1

59.0

7.6

30.0

7

20

8.0

1.8

50.8

0.9

25.1

59.4

12.8

30.2

MAD

7

10

31.2

1.5

39.9

44.2

17.6

33.1

9.0

16.8

7

20

1.1

0.5

53.5

0.3

27.7

60.5

14.1

30.8

Control

14

10

1.8

3.2

71.4

0.7

16.4

58.6

8.3

29.8

14

20

1.1

0.8

39.7

0.3

36.1

60.3

18.3

30.6

MAD

14

10

35.7

3.1

61.3

75.8

1.8

12.9

0.9

6.5

14

20

16.4

1.7

77.4

39.8

3.8

35.7

1.9

18.1

Control

21

10

4.0

2.7

54.0

0.8

25.6

58.9

13.0

29.9

21

20

1.1

1.5

38.0

0.5

37.1

59.8

18.9

30.4

MAD

21

10

53.3

1.1

45.3

96.2

0.9

1.6

0.4

0.8

21

20 Slices

41.5

1.8

56.3

84.4

1.3

8.4

0.7

4.3

Control

7

120

69.6

6.8

14.4

7.3

MAD

7

120

81.0

7.9

6.8

3.4

Control

14

120

61.3

10.2

17.4

8.8

MAD

14

120

71.2

9.3

11.9

6.0

Control

21

120

44.0

4.1

31.7

16.1

MAD

21

120

61.1

11.1

17.0

8.6

aHomogenateincubationseachcontain35mgtissue.Sliceincubationscontaineightquartersperflask;1mgNADPaddedtoincubations.
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In the adrenal gland of the rat treated with MAD, it is most dif¬
ficult to distinguish zonation, and our techniques have not yet
allowed us to select blocks for electron microscopy from spe¬
cific levels of the cortex. Nevertheless we have taken care to
exclude from our examination those cells which could belong to
the zona glomerulosa, so that the following descriptions apply
only to those cells which we believe to belong to the zona fas-
ciculata and zona reticularis.

The appearance of the normal zona fasciculata cell from con¬
trol animals is depicted in Plates VIII and IX and shows the round
to oval mitochondria, which are virtually filled with vesicular
and occasionally tubular cristae. The mitochondria are quite
closely packed, being separated by scanty cytoplasm which con¬
tains free ribosomes and smooth-surfaced endoplasmic reticu¬
lum. The vacuoles probably represent lipid droplets from which
lipid has been lost, and the smaller bodies containing dense ma¬
terial are pigment granules.

The initial changes in the adrenocortical cells of animals
treated for 18 days with MAD occurred in the mitochondria,
many of which were enlarged and of irregular shape, with ex¬
ternal double limiting membranes of less definition and some¬
what convoluted (Plate X). Internally there was simplification of
structure by virtue of fewer and larger vesicular cristae and the
appearance of tubular forms as well (Plate XI). The amorphous
matrix of the mitochondria became more prominent as the re¬
sult of fewer cristae, and spherical or vesicular structures of
increased electron density appeared (Plates XIandXII). Smooth-
surfaced endoplasmic reticulum was more prominent and the
cisternae were dilated. Occasionally ribosomes were seen at¬
tached to the membranes of the endoplasmic reticulum (Plate XI).
Elongated mitochondria and vesicles with a flocculent content
also occurred (Plate XII).

After 25 days of MAD therapy mitochondria showed still
greater variation in size and shape, often with few vesicular cris¬
tae arranged around the periphery so that the direct continuity
between the membrane of the vesicle and the inner membrane
of the mitochondrion could be clearly seen (Plate XIII). Tubular
cristae also were frequent, many of which were arranged in lam¬
inar form either in the center of the mitochondrion or at one

end (Plate XIII). The mitochondrial matrix contained numerous
electron dense bodies which were of solid or laminated appear¬
ance (Plate XIV). Occasionally, elongated mitochondria assumed
bizarre forms wrapped around other mitochondria or vacuoles
(Plate XIV), as described in the hamster and given the name
chondriospheres by De Robertis and Sabatini (1958). Endoplasmic
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reticulum was largely of the smooth-surfaced type, dilated, and
in some cells increased in amount (Plate XV). Electron dense
bodies, presumed to be pigment, were more frequent in the cor¬
tical cells at this time also.

In the adrenal cortical cell of the rats treated for 32 days
with MAD, the mitochondria showed further loss of vesicular
cristae and pronounced peripheral margination of short tubular
forms (Plate XVI). In some mitochondria the matrix was almost
devoid of cristae and those present were larger than normal
(Plates XVII and XVIII). More severe disorganization of mito¬
chondrial structure is shown in Plates XVIII to XXI. Some mito¬
chondria having a dark matrix showed tubular internal struc¬
tures arranged in parallel array at one end or at several sites
(Plates XVIII and XIX). In other mitochondria laminated circular
bodies occupied a central position, with several layers of mem¬
branes arranged around the altered mitochondrion (Plate XX).
Chondriospheres consisting of bizarre giant mitochondria inter¬
woven in a complex fashion around a central mitochondrion or
vacuole were often observed (Plate XXI).

The endoplasmic reticulum was generally increased in amount
between mitochondria, and in some cell regions this was quite
marked, often to the exclusion of mitochondria (Plate XXII). In
other areas the endoplasmic reticulum appeared collapsed or in
microtubular form (Plate XXIII), and the Golgi apparatus was
prominent and dilated. In some cells the increase in endoplas¬
mic reticulum was very great and was seen as whorls of paral¬
lel membranes arranged around a central vacuole, fat droplet,
or mitochondrion (Plate XXIV).

DISCUSSION

The finding that two such widely differing experimental con¬
ditions as adrenal cortical regeneration (Skelton, 1955) and
methylandrostenediol administration (Skelton, 1953) were ac¬
companied by the development of hypertensive vascular disease
in uninephrectomized salt-fed rats has remained particularly
puzzling for students of hypertension and endocrinology alike.
The observations that inhibition of adrenal cortical regeneration,
on the one hand (Skelton, 1956), and absence of the adrenal glands
in the MAD-treated rats, on the other (Salgado and Selye, 1954),
prevent the development of hypertensive disease has emphasized
the functional significance of adrenal cortical tissue in the gene¬
sis of both forms of experimental hypertension. In 1959 one of
us (Skelton, 1959) suggested that one mechanism which could ex-
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plain the production of adrenal regeneration hypertension would
be the secretion by the regenerating adrenal of an abnormal pat¬
tern of hormones. This pattern might be characterized by in¬
creased mineralocorticoid secretion, since steroids such as
DOC are known to induce hypertensive disease. Similarly, Sal-
gado and Selye (1954, 1955) have suggested that MAD might act
by interfering with the normal secretory activity of the adrenal,
inducing it to produce an excess of mineralocorticoid (DOC-like)
hormones. If both of these propositions are true, then adrenal-
regeneration hypertension and MAD hypertension would, in fact,
have the same underlying mechanism.

The observations of Birmingham and co-workers (1965) and
Vescei and co-workers (1966) that 18-OH-DOC production is in¬
creased in regenerating adrenal slices, and our own observations
of increased DOC production by regenerating adrenal homoge-
nates and homogenates from rats treated with MAD, are in sup¬
port of the theory that increased mineralocorticoid secretion
may be the cause of both forms of hypertension. The significance
of these in vitro observations is not known at the present time,
as determinations of these mineralocorticoids in plasma of hy¬
pertensive rats have not been reported. It is well known that 18-
OH-DOC is a major secretion product of the normal rat adrenal
(Birmingham and Kurlents, 1959; Cortes et al., 1963), and it ap¬
pears that DOC is also secreted by the normal rat adrenal (Vin¬
son and Rankin, 1965). Using a modification of the method of Rapp
and Eik-Nes (1966) for the gas-chromatographic determinations
of DOC in adrenal venous blood, we have found a DOC-like com¬
pound in the peripheral plasma of normal rats, in rats bearing
regenerating adrenals, and in rats following treatment with MAD
for 2 weeks. We feel that application of such techniques for the
assay of peripheral plasma concentrations of corticosterone,
18-OH-DOC, and DOC will be necessary before the role of these
compounds in the genesis of these forms of experimental hyper¬
tension can be truly determined.

In the broadest sense the changes observed by the electron
microscope in the adrenal cortical cells of regenerating glands
and in the glands of MAD-treated rats also are similar, although
differing in specific details. In both experimental circumstances
the common morphologic change is one of simplication of mito¬
chondrial structure. The characteristic appearance of the mito¬
chondria in the cells of the 2- to 3-week regenerating adrenal
was the general paucity of tubular or vesicular cristae and the
arrangement of those which were present in close proximity to
the internal limiting membrane. As regenerationproceeded, cell
structure assumed an increasingly more normal appearance,
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with mitochondria containing increased numbers of cristae. Since
we have not yet studied regenerating adrenals by electron micro¬
scopy beyond 5 weeks after enucleation, it is impossible to say
whether or not entirely normal structure is regained. It is in¬
teresting, however, that production of DOC by homogenates of
regenerating adrenal tissue was greater at 2 weeks, whereas at
5 weeks corticosterone production was greater.

In contrast with the regenerating adrenal, the severity of the
morphologic changes in the adrenal cortical cells of MAD-treated
rats increased with duration of treatment. Thus the mitochondria
after 18 days of MAD administration showed some decrease in
the number of their cristae and the assumption of a more tubular
appearance. After 32 days of MAD treatment the internal struc¬
ture of mitochondria was markedly altered, so that most of these
organelles contained relatively few cristae and those present
often were arranged around the periphery in a fashion reminis¬
cent of the early regenerating adrenal. Again there appears to
be some correlation between the functional and structural

changes, because in the homogenates of adrenals from MAD-
treated rats DOC production was least and corticosterone pro¬
duction greatest at 18 days, with reversal of this ratio at 32 days.

The exact significance of these morphologic changes in the
mitochondria in relation to corticoidogenesis and the mechanism
whereby they are brought about has not been revealed by the
present studies. In the case of the regenerating adrenal it may
well be that the rapidly proliferating cells have given greater
priority to those processes and structures related to cell multi¬
plication than to those related to cell secretion. With time these
priorities are reversed and the mitochondria assume a more
normal appearance, reflecting a more normal secretory capa¬
bility.

In the case of MAD treatment the morphologic changes may
represent a pharmacologic or toxic effect on the adrenal cortical
cells. Whether this is a direct action or one mediated through
the anterior pituitary cannot be answered at the present time.
The failure of MAD to alter corticoid production when added di¬
rectly to homogenates of normal adrenal glands favors the lat¬
ter, although it does not rule out a direct effect of a metabolite
of MAD on the adrenal gland in vivo. It is noteworthy, also, that
giant mitochondria with morphologic characteristics somewhat
similar to those which we have observed in MAD-treated rats
have been reported by Volk and Scarpelli (1966) in hypophysec-
tomized rats. Similarly, De Robertis and Sabatini (1959) and
Sabatini and co-workers (1962) have shown that mitochondria
after hypophysectomy contain tubular infoldings and greatly re-
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duced vesicular cristae, thus suggesting that the characteristic
vesicular organization of mitochondria of zona fasciculata cells
is dependent on ACTH. The electron micrographs published by
Sabatini and co-workers show remarkably similar mitochondrial
changes to those reported in adrenals of MAD-treated rats. It
is perfectly possible that these morphologic changes would be
accompanied by abnormalities in steroid biogenesis such as we
have found after MAD treatment, although they have not been
specifically looked for up to now.

The other morphologic changes, such as chondriospheresand
hyperplasia of endoplasmic reticulum, are more difficult to cor¬
relate with function. It may be that these bizarre formations
merely represent the morphologic expression of severe func¬
tional abnormality. The hyperplasia of smooth endoplasmic ret¬
iculum is reminiscent of a cytoplasmic change in hepatic cells
which accompanies the administration of toxic substances such
as barbiturates (Remmer and Merker, 1963a, 1963b). In the case
of the liver this is related to an increase in enzymes involved
in drug metabolism. It is difficult to postulate a direct effect of
MAD on these membranous components of the adrenal cortical
cell or to relate the change to a metabolic action of the cells on
MAD. Volk and Scarpelli (1964) have observed similar endoplas¬
mic reticulum changes in the adrenal cortical cells of rats
treated with Triparanol and have arrived at the rather unsatis¬
factory conclusion that the observed changes are related to dis¬
turbed steroid biogenesis. At this time we can do no better.

SUMMARY

A correlative study has been made of corticosteroid biosyn-
theses and adrenal ultrastructure in rats with adrenal-regenera¬
tion and methylandrostenediol (MAD) hypertension.

Electron-microscopic investigations have shown abnormali¬
ties in mitochondrial structure in the early stages of adrenal
regeneration similar to those found in the adrenal following
treatment with MAD. At later stages of regeneration mitochon¬
drial structure reverted toward a more normal appearance,
whereas with prolonged MAD administration mitochondrial ultra-
structure became progressively more abnormal.

Using adrenal homogenate preparations it has been shown
that corticosteroid synthesis is deficient in the regenerating
adrenal, especially during the early stages of regeneration. At
that time considerable DOC accumulation occurred which was

apparently related to some decrease in availability of NADPH
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for 11/3-hydroxylation. As little as 5 days treatment with MAD
led to decreased corticosteroid synthesis from progesterone in
adrenal homogenates. More prolonged MAD administration led
to almost complete inhibition of corticosterone and 18-OH-DOC
formation, even in the presence of added NADP.
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DISCUSSION

SAFFRAN: Did you look at mitochondria of other tissues at
the same time in the treatment of animals with MAD?

BROWNIE: Other organs? No.
SAFFRAN: The other paper I was to have presented in the

initial program I might give now. Briefly it is that
the adrenal can metabolize MAD quite well. The first
thing it does is to convert it to methyltestosterone,
which is a very simple change, the oxidation of ring
A. The next thing it doesistohydroxylate the methyl-
testosterone in the 11 position, and some of the 11-
hydroxy goes to 11-keto. There is atotalof some five
products made from the adrenal cortex from methyl-
testosterone, but these two are the predominant ones.
At the same time, the metabolism of progesterone
and DOC are changed in pattern to quite an extreme.
Just as you have shown with the adrenal homogenates,



STEROIDS 6:1

712 Functions of the Adrenal Cortex

so the intact adrenal tissue that has been exposed to
methyltestosterone causes an accumulation of DOC
when progesterone is the substrate. There is a de¬
creased metabolism ofprogesterone. At the same time
the normal metabolites of the adrenal cortex, corti-
costerone, aldosterone, and other compounds are sup¬
pressed. Suppression is very strong inthecaseof 18-
hydroxycorticosterone—so there is this added infor¬
mation for what it is worth.

BROWNIE: I think many of these results are comparable with
ours. If I remember correctly, in your original pub¬
lication you found that MAD did not have any effect on
corticosterone production when added directly to adre¬
nal preparations. Perhaps this would be explained by
the fact that it has to be converted to methyltestoster¬
one and some time is required for this.

SAFFRAN: This is explained by the fact that we were mea¬
suring, in those preliminary experiments, UV-absorb-
ing steroids, and the methylandrostenediol was trans¬
formed into a UV-absorbing steroid. Any depression
of the formation of corticosterone or 18-hydroxyster-
oids would be masked.

BROWNIE: The reason I mentioned this point was that I have
examined the direct effect of MAD in short-term in¬
cubations and did not observe any appreciable change
in corticosteroid biosynthesis, certainly nothing like
what one observes following treatment of rats with
MAD for 5 days or more.

SKELTON: I was intrigued by the striking mitochondrial
changes in the adrenal following MAD treatment but
also by the hyperplasia of the smooth-surface endo¬
plasmic reticulum, which is very reminiscent of the
changes in the liver cell following phenobarbital ad¬
ministration.

BARTTER: Have you or anyone else looked to see whether
MAD inhibits 11-hydroxylation of steroids in any sim¬
ple system?

SKELTON: I wouldn't be surprised if Ken McKerns hadn't
done that sometime.

McKERNS: The answer is no, although we published a list of
steroid compounds in Biochem. Biophys. Res. Comm.,
2:344-348 (1960), that are competitive inhibitors of
hydroxylation reactions in the adrenal cortex. Com¬
pounds related to MAD, such as A4-androstenedione,
are potent inhibitors of hydroxylation reactions.
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HARDING: We have not looked at this specific steroid, but
A4-androstenedione is a competitive substrate for the
steroid 11/3-hydroxylase of bovine adrenal mitochon¬
dria.

BOYD: Is it possible that the electron dense bodies seen in
the mitochondrial matrix after MAD treatment might
be a nonheme protein?

SKELTON: Your guess is as good as mine there. We have not
been able to follow up this point during the relatively
short period of time we have been reexamining MAD
hypertension.

PERON: Have you tried to fractionate your homogenates and
incubate the fraction devoid of microsomes and what
we call supernatant fraction? It's surprising that you
don't have any or don't appear to have any 11 /3-hy-
droxylase in the mitochondria.

BROWNIE: In the slide that I showed there was certainly no
11/3 -hydroxylation of DOC occurring by what appeared
to be reasonably normal mitochondria morphologi¬
cally. These mitochondria were isolated 5 weeks
postenucleation. In mitochondria isolated 7 weeks
postenucleation there was some 11/3-hydroxylase
activity but there was also activity in the supernatant.
It may well be that there has been some leakage of
11/3-hydroxylase from the regenerating adrenal mito¬
chondria.

PERON: Well, this might be very important in terms of ap¬
proach to "solubilization" of the 11/3-hydroxylase.

BROWNIE: I agree. In fact we believe that much fundamental
information concerning corticosteroid biosynthesis
could be derived from studies of the regenerating
adrenal.

LAYNE: Dr. Saffran, I take it that your experiments on the
metabolism of methyltestosterone were with the rat
adrenal in vitro. Have you had any cause to compare
this with any other species? I ask this question be¬
cause the metabolism of 17-alkylated steroids in vivo
shows marked species differences. This brings up a
point which has been bothering me throughout this en¬
tire discussion—that we are talking specifically about
the rat adrenal, and should be aware of possible dif¬
ferences in other species.

SAFFRAN: The answer is no. I have not studied the metabo¬
lism of methyltestosterone by adrenals of other spe¬
cies.
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KITAY: With reference to the question of the effects of an¬
drogen on adrenal 11-hydroxylation, I believe that
this was studied by Sharma et al. (J. Biol. Chem.,
238:572, 1963). They reported that a number of andro¬
genic compounds added to bovine adrenal homogenates
incubated in vitro inhibited 11-hydroxylation of de¬
oxycorticosterone. MAD was not included in their
studies. Inhibition of 21-hydroxylation was observed
in another study (Sharma and Dorfman, Biochemistry,
3:1093, 1964). In both instances, very large quantities
of androgen were required.

ESTABROOK: The studies reported by Drs. Brownie and
Skelton are very exciting, particularly since they offer
a method of determining the biochemical nature of the
tubulated inclusions of adrenal cortex mitochondria.
We have considered the hypothesis that cytochrome
P450 is associated with these tubules of adrenal mito¬
chondria. We base this hypothesis on the resemblance
of these structures to the smooth endoplasmic reticu¬
lum as observed in livers of animals subjected to
phenobarbital induction of microsomal mixed-function
oxidation reactions. Since cytochrome P450 is gen¬
erally considered a component of the membrane struc¬
ture of the endoplasmic reticulum, we must explain
how cytochrome P450 is formed and included in adre¬
nal cortex mitochondria. Your studies now permit a
direct means of assessing this hypothesis by examin¬
ing the cytochrome P450 content of adrenal cortex
mitochondria obtained from MAD-treated animals or

regenerating adrenal glands. If such experiments have
not been carried out, I am willing to place my instru¬
ments at your disposal to carry out such studies.

SKELTON: We have not done such experiments; however, we
have discussed this possibility on many occasions. Do
not be surprised if we take you up on that offer. By
way of further comment we have been impressed by
the apparent direct continuity between the internal
structure of some mitochondria and the cytoplasm of
the cell. Whether there is direct continuity with the
endoplasmic riticulum is really difficult to tell, be¬
cause you can't get serial sections for electron-mi¬
croscopic study. One is solely dependent upon the
number of sections looked at, which is tremendously
exhausting work, but hardly the same as serial sec¬
tions. At any rate most people think in terms of the
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external limiting membrane as being continuous. Dr.
Satish Chandra, formerly in my department, has de¬
scribed mitochondria in the liver in which the external

limiting membrane appears to overlap in a discon¬
tinuous fashion. Thus it may be that the tubular cristae
of mitochondria connect with the internal limiting
membrane and, because of the overlapping external
limiting membrane, there would be direct continuity
between the internal membranous structure of the
mitochondria and the cytoplasm, perhaps involving
the smooth-surfaced endoplasmic reticulum.

ESTABROOK: I might add that we are currently doing simi¬
lar experiments with Professor Albert Claude on re¬
generating liver, and the preliminary results appear
to confirm your observation regarding the relation¬
ship of the endoplasmic reticulum to developing mito¬
chondrial structures.

HARDING: One comment and a question: It's not exactly
correct, Dr. Kitay, to explain the (Sharma and Dorf-
man) experiments as an inhibition of 11/3-hydroxyla-
tion, because androstenedione is 11-hydroxylated it¬
self by their preparation and, consequently, com¬
petes competiti/ely for the "hydroxylating enzyme."
Is it true that methylandrostenediol was shifting the
endoplasmic reticulum to the more dense structure
at the same time that it was "washing out" the mito¬
chondria?

SKELTON: I am not sure I understand what you mean. As
we gave MAD the mitochondria assumed an appear¬
ance similar to that seen in the early stages of adre¬
nal regeneration. At the same time the endoplasmic
reticulum became hyperplastic, as seen in these large
whorls of fenestrated membranes.

HARDING: Is methylandrostenediol hydroxylated by this
preparation that has been treated with methylandro¬
stenediol?

SAFFRAN: I can't say; I don't know. The experiments we did
were complete flops. We didn't use adrenals from
treated animals in the more recent experiments on
the metabolism of MAD or methyltestosterone. It
would be interesting to see what happens.

SKELTON: The comment I made earlier about the similarity
between the endoplasmic reticulum changes in the
adrenal and those in the liver following administration
of toxic compounds such as phenobarbital raises the
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question of the relationship of these changes to the
detoxifying mechanism of the cell. In the hepatic cell
I believe detoxification of these compounds is accom¬

panied by the induction of additional enzymes, by or on
these hyperplastic membranes. Perhaps in the adrenal
there is similar induction of enzymes following treat¬
ment with methylandrostenediol.

ESTABROOK: What you have said regarding the parallel for¬
mation of endoplasmic reticulum of liver and induction
of microsomal detoxifying enzymes is correct. In ad¬
dition, there appears to be a parallelism between
morphine suppression of the detoxification enzymes
and the loss of endoplasmic reticulum. More certain
is the direct correlation between the increase of cyto¬
chrome P450 of liver microsomes and detoxifying re¬
actions on induction with phenobarbital and methylchol -

anthrene.
SKELTON: In conclusion I would like to make a plea for more

of this kind of combined morphologic and functional
study. I think that if we hope to understand fully the
process of corticosteroid biogenesis and control, we
must know where these reactions take place and what
morphologic changes accompany them.
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Plate HI. Portions of zona fasciculata cells from a control rat uninephrectomized and unia-
drenalectomized and given 1% sodium chloride to drink before sacrifice. The mitochondria
ore of quite uniform size and shape with a normal complement of tubular cristae most of
which are shown in cross section and appear as vesicles. Cytoplasm shows regularly dispersed
smooth surfaced endoplasmic reticulum and free ribosomes between the mitochondria. X
24,000.



Plate IV. This electron micrograph of a regenerating adrenocortical cell 2 weeks aft
enucleation shows a slightly decreased mitochondrial population in a cytoplasm containii
sparse endoplasmic reticulum with dilated cisternae. The mitochondria have decreased numb£
of tubular cristae which are seen as vesicles arranged for the most part around the periphei
The continuity of vesicular membrane and mitochondrial internal limiting membrane is cleai
demonstrated at several sites. Note the loose matrix of most mitochondria and the electn
dense material present in some. X 35,000.
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Plate V. Mitochondria of regenerating cortical cell 3 weeks after adrenal enucleation showing
a slightly greater number of vesicular cristae than after 2 weeks of regeneration (cf Fig. 2,
Chapter 18). Note the central mitochondrion (arrow) with striking peripheral margination of
vesicles and central matrix virtually vesicle free. X 30,000.
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Plate IV. This electron micrograph of a regenerating adrenocortical cell 2 weeks afi
enucleation shows a slightly decreased mitochondrial population in a cytoplasm containii
sparse endoplasmic reticulum with dilated cisternae. The mitochondria have decreased numb<
of tubular cristae which are seen as vesicles arranged for the most part around the periphe
The continuity of vesicular membrane and mitochondrial internal limiting membrane is clea
demonstrated at several sites. Note the loose matrix of most mitochondria and the electr
dense material present in some. X 35,000.
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Plate V. Mitochondria of regenerating cortical cell 3 weeks after adrenal enucleation showing
a slightly greater number of vesicular cristae than after 2 weeks of regeneration (cf Fig. 2,
Chapter 18). Note the central mitochondrion (arrow) with striking peripheral margination of
vesicles and central matrix virtually vesicle free. X 30,000.
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Plate VI. Higher magnification electron micrograph illustrating the peripheral location of most
vesicles and the presence of parallel arrays of tubules in a large mitochondrion in a cortical
cell 3 weeks after enucleation. The tubular membranes connect with both vesicles and in¬

ternal limiting membrane of the mitochondrion (arrows). X 40,000.
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Plate VII. Mitochondria of regenerated adrenal cortical cell 5 weeks after enucleation. Vesicular
cristae are reduced in number as compared to control zona fasciculata cells but are present
in greater numbers than in cells seen at earlier stages of regeneration. Endoplasmic reticulum
ls dilated and occasionally contains a flocculent material. Some membranes appear as
lamellar sacs. X 30,000.
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Plate VIII. Electron micrograph of adrenal cortex from a control rat showing portions of thre
zona fasciculata cells. The vacuoles represent lipid droplets and the smaller structures cor
taining electron dense material probably are pigment bodies. Note the large number c
mitochondria with tightly packed tubulo-vesicular cristae. X 14,000.



^upyi

Plate IX. Higher magnification of normal zona fasciculata cells showing the mitochondrial
structure in greater detail. The cytoplasm contains smooth-surfaced endoplasmic reticulum and
free ribosomes. X 35,000.
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Plate X. Zona fasciculata cell from a rat treated with MAD for 18 days. Mitochondria are of
larger than normal size and of irregular shape. Vesicular cristae are fewer in number and
slightly larger in size than normal. Poorly defined membranes in the mitochondrial stroma
suggest degeneration of these structures. X 30,000.
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fate XI. Higher magnification of zona fasciculata cell to show the appearance and peripheral
arrangement of cristae. Tubular and vesicular forms may be seen. Endoplasmic reticulum is
Prominent. MAD, 18 days. X 40,000.



Plate XII. Electron dense, sometimes laminated structures are shown in the matrix of mito¬
chondria. Vacuoles are present which contain a flocculent material of low electron density.
Note elongated mitochondrion at arrow. MAD, 18 days. X 36,000.



Plate XIII. After 25 days of MAD treatment the mitochondria continue to show fewer numbers
of cristae either as peripherally arranged vesicles or as parallel tubular arrays at one end
or in the central matrix. X 22,000.



Plate XIV. Large irregular mitochondrion containing electron dense material in its matrix.
Note the continuation of the limiting membranes with a C-shaped mitochondrial structure
which is wrapped around another mitochondrion. MAD, 25 days. X 50,000.
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Plate XV. Increased endoplasmic reticulum in the periphery of a cell showing lamellar plates
with continuity between them and dilated cisternae (arrow). MAD, 25 days. X 28,000.
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Plate XVI. Marked loss of mitochondrial tubulo-vesicular cristae (arrows) in adrenocortical cell
of rat treated with MAD for 32 days. X 22,000.
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Plate XVII. Higher magnification to show the sparse cristae and the frequent continuity be¬
tween the membranes of cristae and the internal limiting membrane of the mitochondria
(arrows). MAD, 32 days. X 44,000.
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Plate XVIII. Mitochondria with electron dense matrix and few cristae. Parallel membranes may
be seen at several sites in the large central mitochondrion. An elongated mitochondrion
(arrows) is wrapped around one end of the large mitochondrion and there is smooth surfaced
endoplasmic reticulum between the two mitochondria. MAD, 32 days. X 32,500.
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Plate XIX. A single large mitochondrion with a homogeneous matrix and a few residual
cristae arranged peripherally. Note the irregular membranes at one end (arrow) which give
the mitochondrion a "frayed" appearance. MAD, 32 days. X 77,000.
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Plate XX. Concentrically arranged membranes, which appear to be derived from smooth-
surfaced endoplasmic reticulum, are shown around a central mitochondrion. Dilated smooth-
surfaced endoplasmic reticulum can be seen between the outer membranes and the mito¬
chondrion. Note the laminated structure of the dense bodies within the mitochondrion (arrow).
MAD, 32 days. X 82,000.



Plate XXI. Complex membrane and mitochondrial structures which have been called "chondrio-
spheres" by DeRobertis and Sabatini (1958). MAD, 32 days. X 22,000.



Plate XXII. Focal area of hyperplastic endoplasmic reticulum at periphery of this cortical
cell. MAD, 32 days. X 28,000.
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Plate XXIII. Increased amount of endoplasmic reticulum, much of which is present in micro-
tubular form (arrows). Electron dense, single membrane bound bodies, pigment bodies, are in¬
creased in number. MAD, 32 days. X 24,000.
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Plate XXIV. Greatly increased amount of endoplasmic reticulum which is seen as
concentrically arranged membranes around a central mitochondrion or lipid droplet,
days. X 22,000.
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Adrenal Cortical Dysfunction as a Basis
For Experimental Hypertensive Disease
By Floyd R. Skelton, M.D., Ph.D., Alexander C. Brownie, Ph.D.,

Peter A. Nickerson, Ph.D., Agostino Molteni, M.D., Samuel Gallant, B.A.,
and Howard D. Colby, B.S.

IT IS increasingly apparent that blood pres¬sure homeostasis is achieved through a

complex system and that disturbance in any
one or more of the interacting components
may bring about a deflection from normal.
The fact that in man adrenal cortical insuffi¬

ciency is accompanied by hypotension and
adrenal cortical hyperfunction may be ac¬

companied by hypertension always has im¬
plicated the adrenal cortex in blood pressure
homeostasis. The pertinent questions con¬
cerning the role of adrenal cortical hyper¬
function in the induction of hypertensive
disease relate to (1) the mechanism by
which the hypersecretion is brought about,
(2) the nature of the secretory products, and
(3) the explanation of how and why arterial
blood pressure rises in response to excessive
adrenocortical hormone or hormones. It is
well known that hypertension in man is as¬
sociated with increased aldosterone produc¬
tion in Conn's syndrome,1 increased Cortisol
production in Cushing's syndrome,2 and in¬
creased deoxycorticosterone secretion in some
cases of congenital adrenal hyperplasia.3
Since the responsible hormone is different in
each instance, it seems perfectly appropriate
to regard each as an example of adrenal cor¬
tical dysfunction. Of additional significance
is the fact that the biochemical lesion gener¬
ally is associated with adrenal cortical hy¬
perplasia, adenoma, or carcinoma.

Our interest in adrenal cortical dysfunction
as a pathogenesis for hypertensive disease

From the Departments of Pathology and Biochem¬
istry, State University of New York at Buffalo,
Buffalo, New York.

These investigations were supported by U. S. Public
Health Research Grant HE 06975 from the National
Heart Institute and Training Grant GM 01500 from
the National Institute of General Medical Sciences.

has revolved around two models of experi¬
mental hypertension, i.e., adrenal-regenera¬
tion hypertension4 and methylandrostenediol
(MAD) hypertension.5 Of significance here
is the fact that these hypertensive syndromes
occur in the absence of adrenal cortical hy¬
perplasia or adenoma, yet there is incontro¬
vertible evidence that the presence of the
adrenal cortex is essential for the develop¬
ment of the hypertension. For example, when
regeneration of the enucleated adrenal is pre¬
vented or delayed, the development of hy¬
pertension is prevented or delayed,6,7 and
in adrenalectomized rats MAD fails to induce

hypertension.8 For some time we have been
convinced that the adrenal cortical tissue of
rats developing these types of experimental
hypertension was dysfunctional, and this pa¬
per presents some of the morphological,
physiological, and biochemical evidence sup¬

porting this contention.

Methods

In all experiments female rats of the Long-
Evans or Sprague-Dawley strains and aged 42 to
44 days have been used. Experimental conditions
uniformly have involved uninephrectomy of all
animals and free access to a diet containing 0.5%
sodium chloride and a drinking solution of 1.0%
sodium chloride. All animals have been caged
individually and maintained in a room kept at
22.5 C with 12-hour light and dark cycles.
Adrenal enucleation was performed by the
technique described by Ingle and Higgins," and
in the experiment on adrenal-regeneration hyper¬
tension, this was accompanied by contralateral
adrenalectomy. Body weight and sodium chloride
consumption from the drinking solution were
determined weekly. Systolic blood pressures
likewise were measured in the tail weekly using a
Physiograph Four* with the rats under light ether
anesthesia.

*E and M Instrument Company, Houston, Texas.

1-35Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969



■38 SKELTON, BROWNIE, NICKERSON, MOLTENI, GALLANT, COLBY

Fasciculata cells from a control adrenal at 21 days after uninephroadrenalectomy. The mito-
chrondria are indistinguishable from those in fasciculata cells of adrenals from unoperated,
normal animals, i.e., the cristae appear as numerous vesicles in a matrix which is electron
dense. Other cytoplasmic organelles include lipid droplets (L), membrane-bound dense bodies
(DB), and smooth endoplasmic reticulum (SER). The cell membranes (CM) of two adjacent
cells transect the lower part of the micrograph. X 14,000.
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Figure 2

Light cells from 14-day adrenal regenerate. The mitochondrial cristae in this light fasciculata
cell have a vesicular appearance and are located predominantly at the periphery. Occasionally,
cristae showing portions of a tubular network are visible within the mitochondria (arrow).
The mitochondrial matrix is noticeably electron lucid. Endoplasmic reticulum (SER) is mostly
smooth surfaced and is composed of numerous dilated vesicular profiles distributed throughout
the cytoplasm. The nucleus (N) is irregularly shaped, with the chromatin appearing dark.
X 16,800.
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Figure 3
Fasciculata cell from 70-day adrenal regenerate. Most of the mitochondria have numerous
vesicular cristae. However, these vesicles often appear connected into a tortuous system of
anastomosing tubules (arrow). The mitochondrial matrix is much more electron dense at 70
days after enucleation than at earlier periods. In contrast to such mitochondria, others within
the same cell have a reduced number of predominantly tubular cristae (C), although the

Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969
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Figure 4
Production of corticosterone (B) from added deoxy¬
corticosterone by regenerating adrenal homogenates.
Final concentration of succinate was 3.7 mM and of
glucose-6-phosphate (G-6-P) 3.2 mM. NADP, 1 mg,
was added to appropriate incubation flasks.

dria were incubated with 11-deoxycorticos-
terone-4-14C with malate, malate and NADP,
and NADPH alone as possible sources of re¬

ducing equivalents (fig. 5). At three weeks
the regenerating mitochondria had almost no

ability to use malate to support hydroxylation
of DOC, whereas control mitochondria me¬
tabolized almost all the added DOC. With

B PRODUCTION OF REGENERATING

ADRENAL MITOCHONDRIA

MALATE

■ MALATE +N ADP

M NADPH

3 5

WEEKS OF REGENERATION

Figure 5
Production of corticosterone (B) from deoxycorticos¬
terone by mitochondria derived from regenerating
adrenal glands at three, five, and eight weeks. Final
concentration of malate was 20 mM. NADP or
NADPH, 1 mg, was added to appropriate incubation
flasks.

100

%
of 50

control

25

mitochondria
microsomes

3 5 8

weeks of regeneration

Figure 6
Cytochrome P-450 levels in regenerating adrenal
mitochondria and microsomes at three, five and.
eight weeks.

malate and NADP there was some improve¬
ment in 11/3-hydroxylation activity, but it
was still low. With NADPH added, however,
excellent conversion of DOC to corticosterone
occurred at the three-week time period.

With longer times of regeneration, it can
be seen that there was increasing ability for
malate or malate plus NADP to support
11/3-hydroxylation of DOC, but even after
eight weeks the activity was still appreciably
less than in control adrenal mitochondria,
despite the fact that the mitochondrial pro¬
tein concentration was normal.

Mitochondrial and microsomal levels of cy¬
tochrome P-450 were determined in normal
and regenerating adrenals at the various time
periods (fig. 6). The mean mitochondrial and
microsomal levels of normal adrenals were

2.36 and 1.19 m/xmoles/mg protein, respec¬
tively. It can be seen at three weeks that in
both microsomes and mitochondria this cyto¬
chrome was about 50% of the control values,
but by eight weeks the levels had returned
to normal. Despite the normal concentrations
of cytochrome P-450 in regenerating adrenals

peripheral distribution seen earlier is lacking. Numerous lipid droplets (L) without a discernible
membrane appear throughout the cytoplasm. Tubules of smooth endoplasmic reticulum are

frequently closely apposed to the droplets (double arrows). X 28,000.
Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969
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Figure 7
This composite illustration shows the appearance of mitochondria which were isolated at three
time periods after adrenal enucleation. At 21 days the number of cristae in mitochondria from
regenerating cortical cells (B) is reduced in comparison with controls (A), and virtually all
cristae are found in a peripheral position (arrow). Many cristae in control mitochondria are
dilated, whereas few cristae in mitochondria from regenerating adrenals have assumed this
appearance. The matrix of the mitochondria from regenerating adrenal is much more electron
lucid than that seen in control mitochondria. After 35 days the number of cristae in regenerating
adrenal cortical cell mitochondria (D) is still reduced as compared with controls (C), although
they are more numerous than at 21 days (B). After 56 days of regeneration, the number of

Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969
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Table 1

Body Weights, Systolic Blood Pressures, and Organ Weights of Control, MAD-trcated, and MT-treated Rats

Group and
treatment

Number -

of rats

Body weight (g) Blood pressure (mm Hg) Organ weights (lug)

Initial Final Initial Final Kidney Heart Thymus Pituitary Adrenals

Control 9 116 ± 4s* 219 ± 5 88 ± 2 100 ± 3 1,404
±40

892

±42
354

±32
12.1

±0.7
49.1

±2.5

MAD 11 121 ± 3 202 ± 11 90 ±4 152 ± 9f 2,887 1,092 100 8.9 44.9
10 mg sc ±140J ±55 J ±12t ±0.(3f ±3.0

MT 11 121 ± 3 227 ± 8 93 ± 2 125 ± 5J 2,033 1,034 158 8.5 30.1
10 mg so ±230 J ±33 j ±21 f ±0.0 f ±4.0f

* Standard error of mean,

t P < 0.05.
JP < 0.01.

at eight weeks after enucleation, the mito¬
chondrial 11 /3-hydroxvlation activity was
subnormal with malate as a source of reduc¬

ing equivalents (fig. 5).
Electron micrographs were prepared of

the isolated control and regenerating adrenal
mitochondria at the various time periods (fig.
7). It can be seen that there are several dif¬
ferences between the control and regener¬
ating adrenal mitochondrial preparations,
particularly at three weeks and also at five
weeks. These differences consisted of re¬

duced numbers of vesicular cristae, which
were located predominantly in a peripheral
position, and an electron-lucid mitochondrial
matrix. Many cristae in control mitochondria
were swollen, whereas few cristae in mito¬
chondria from regenerating adrenals were

similarly dilated. By eight weeks of regenera¬
tion both mitochondrial preparations were
similar ultrastructurally, as were microsomes
isolated at this time. The simplification of
mitochondrial structure at the three and
five-week periods of regeneration seemed to
correlate with the reduced content of cyto¬
chrome P-450, and this finding leads one to
suggest that this cytochrome is associated
with the vesicular cristae of the mitochondria.

Androgen-Induced Hypertension

In 1953 Skelton5 reported that the daily
administration of 10 mg of methylandros-
tenediol to uninephrectomized rats allowed
to drink 1% saline produced hypertensive
vascular disease indistinguishable from that
produced by deoxycorticosterone. Salgado
and Selye8 subsequently showed that hyper¬
tension and vascular changes failed to occur
when MAD was given to adrenalectomized
rats, and these investigators suggested that
MAD altered adrenal cortical function such
that mineralocorticoid hormones were se¬

creted in excess. Recently, Brownie and Skel-
ton23 showed that incubation with proges¬
terone of homogenized adrenal glands from
MAD-treated rats resulted in deoxycorticos¬
terone as the major hormone product. In ad¬
dition, Rembiesa et al.24 have reported that
adrenal cortex slices convert MAD to MT and
other 11-hydroxylated compounds, and Skel-
ton and Brownie25 have observed that addi¬
tion of MAD to adrenal gland homogenates
is without effect, whereas addition of MT
resulted in DOC being the major metabolite
from progesterone. These observations have
raised questions of whether other androgens
could produce hypertensive disease, the com-

cristae in mitochondria from control (E) and regenerating cortical cells (F) is similar. In contrast
to the electron-lucid appearance of the mitochondrial matrix at 21 and 35 days, the matrix
of some mitochondria from regenerating cortical tissue is electron dense at this time. X 28,000.
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ative effectiveness of various androgens,
the nature of the mechanism by which

rogens produce hypertension. The follow-
experiments have been done to explore

;e questions.

hylandrostenediol and Methyltestosterone
>ertension

n the first experiment MAD and MT
•e given to Long-Evans rats for eight weeks
iaily doses of 10 mg per rat by the route
[ schedule outlined previously. The ana-
ic action of both androgens was obvious
the first four weeks, but thereafter the

dition of the treated rats deteriorated as

their blood pressure rose. The end result was
that MAD-treated rats gained slightly less
weight than controls, whereas MT-treated
rats gained slightly more (table 1). The
blood pressure of control rats remained quite
stable during the experiment, whereas a sig¬
nificant blood pressure rise occurred in both
treated groups. The increase was significantly
greater for the MAD-treated rats than it was

for the MT-treated animals. In fact, the termi¬
nal systolic blood pressure of the MT-treated
rats would be considered by most investiga¬
tors to be below the hypertensive level. How¬
ever, it has been our experience that the

3.0.

IS.

io.

1.5.

SODIUM INTAKE
average weekly
comsumption
gm/rat

152.

148

144

140

PLASMA SODIUM
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A
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79

78.

77.

76.

MUSCLE POTASSIUM
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760.

750.

740.

730.

MUSCLE WATER

mg/gm of tissue

□ CONTROLS l&J MAD

Figure 8
Sodium intake, plasma and muscle electrolytes, and muscle water content of control, MAD-
treated, and MT-treated rats killed after eight weeks of treatment. Vertical bars indicate standard
error of the mean.
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Table 2

Quantitative Evaluation of Morphological Changes in Kidney and Heart

Kidney Heart
Group and Weeks of
treatment treatment % Incidence % Severity % Incidence % Severity

Control 8 0 0 0 0
MAD 10 mg so 8 100 43 100 18
MT 101riff so 8 82 15 30 8

Long-Evans strain is less susceptible to most
hypertension-inducing procedures than are
other strains, with the result that the absolute
blood pressure levels are lower. The essential
hypertensive nature of the observed blood
pressure is confirmed by the associated car¬
diac hypertrophy and characteristic vascular
lesions (tables 1 and 2).

Both androgens induced a significant in¬
crease (P<0.05) in sodium intake, concen¬
tration of plasma, and muscle sodium and
muscle water content (fig. 8). For all four

parameters the levels attained were slightly
higher for the MAD-treated rats. In contrast,
the plasma potassium concentration of the
MAD-treated rats fell significantly, whereas
for MT-treated animals the concentration was

the same as that of controls. The potassium
content of skeletal muscle was maintained at

control levels in MAD-treated rats but was

slightly reduced in MT-treated animals.
The organ weights depicted in table 1 con¬

firm the opinion gained at necroscopy that
both androgens induced renal and cardiac

CORTICOSTEROID BIOSYNTHESIS
from PROGESTERONE-l4C

%
90.

CONTROLS MAD 10 mg MT 10 mg

70.

50.

30.

S DOC ^ 18-OH-DOC
Figure 9

Biosynthesis of corticosterone, 11-deoxycorticosterone (DOC), and 18-hydroxy-ll-deoxycorticos-
terone (18-OH-DOC) from progesterone-4-"iC by adrenal gland homogenates from control
and MAD- and MT-treated rats at six weeks. Incubation in Kreb's Ringer-phosphate buffer
(pH 7.4) containing 3.7 mM succinate. NADP, 1 mg, was added to each incubation flask.
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enlargement, as well as pituitary, adrenal,
and thymic atrophy. Combined gross and mi¬
croscopic evaluation of lesions in kidney and
heart are shown in table 2. It is clear that
MAD treatment produced a greater inci¬
dence and severity of lesions in both of these
organs than did administration of MT.

Adrenal homogenates from control and
MAD- atid MT-treated groups were incu¬
bated with radioactive progesterone, and
the conversion to DOC, corticosterone, and
18-hydroxy-DOC was measured (fig. 9). It is
apparent that the adrenals from androgen-
treated groups were less able to carry out 18
and 11/3-hydroxylation of DOC to corticos¬
terone and 18-hydroxy-DOC, although 21-
hydroxylation of progesterone did occur, thus
resulting in considerable DOC accumulation.
In this experiment somewhat less DOC ac¬
cumulated in the incubations using adrenal
homogenates from MT-treated rats than in
incubations of MAD adrenal homogenates.
Whether this in vitro finding is related to the
lower hypertensive effect of MT as compared
with MAD is not known at present.

In further studies animals were killed after

one, two, four, and six weeks of treatment
with MAD. There were 15 rats in each group
and a corresponding number of controls.
Adrenal cortical mitochondria and micro-

P-450 OF MAD-TREATED RAT
ADRENAL MITOCHONDRIA

100

PERCENTAGE

OF 50

CONTROL

Weeks

Figure 10
Cytochrome P-450 levels in adrenal mitochondria of
rats treated for one, two, four, and six weeks with
MAD.

somes were isolated and the levels of cyto¬
chrome P-450 determined. The mean adrenal
mitochondrial cytochrome P-450 level in con¬
trol glands was 2.15 m/xmoles/mg protein
(range 1.75 to 2.44). Adrenal mitochondrial
cytochrome P-450 levels fell in treated ani¬
mals, confirming a previous study carried out
after six weeks of treatment,26 and figure
10 shows that the fall was maximal by four
weeks of treatment. In contrast, the androgen
treatment did not affect the levels of adrenal
microsomal cytochrome P-450. This finding
may explain in part the relatively normal mi¬
crosomal 21-hydroxylating activity in adrenal
homogenates from treated rats at a time when
mitochondrial 18 and 11/3-hydroxylations are
abnormally low. There is, however, the fur¬
ther complication that MT is a competitive in¬
hibitor of steroid 11/3-hydroxylation in the
adrenal.

It is also not known whether the functional

changes outlined above are the cause of or
the result of certain morphological changes
which occur in the adrenal cortical cells of
MAD-treated rats. The ultrastructural char¬
acteristics of adrenal cortical cells from rats

treated with MAD for various lengths of time
have been reported elsewhere.23 In con¬
firmation of these observations, the zona
fasciculata cells from adrenals of rats treated
with MAD for eight weeks again had prom¬
inent changes in mitochondrial appearance
(fig. 11). The most notable change consisted
in a simplification of internal structure in
which the number of vesicular cristae were

reduced and dispersed in an electron-lucid
matrix. In some mitochondria the cristae as¬

sumed a short tubular appearance with a
direct connection to the internal limiting
membrane of the mitochondrion (fig. 11A).
In other mitochondria, especially those with
the most electron-lucid matrix, round dense
amorphous bodies appeared (fig. 11B). A
further finding, which was frequent but not
present in all cells, was the formation of
complex intertwining mitochondrial struc¬
tures, such as depicted in figure 11A.

When the adrenals of MT-treated rats were

examined in the electron microscope, their
Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969
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ultrastructural appearance was essentially
identical to that described for adrenals from
MAD-treated animals (fig. 12).

Effect of Combined ACTH and MAD Treatment
Because androgens are known to cause

adrenal atrophy, presumably through re¬
duction of pituitary ACTH secretion, and be¬
cause this gland is smaller than normal in
rats made hypertensive by MAD treatment,
it seemed of interest to determine the effect
of combined ACTH and MAD administration
and to compare the changes produced with
those caused by the administration of each
of these compounds alone. Female Sprague-
Dawley rats were given free access to 0.7%
sodium chloride throughout the experimen¬
tal period. Control rats were injected with
0.2 ml of corn oil daily for five days a week
for six weeks. A group of 12 rats (group 2)
received 4 units of ACTH intramuscularly
daily also for five days each week. Twenty
rats (group 3) were given 5 mg of MAD in
0.2 ml corn oil intraperitoneally for five days
a week, and a further 20 rats (group 4) were
administered both ACTH and MAD accord¬

ing to the schedule and dosages outlined
above. The dosages of ACTH and MAD were
chosen so that their effects when given alone
would be detectable but of minimal signifi¬
cance.

ACTH-treated rats grew ' somewhat less
than controls, whereas MAD-treated ani¬
mals grew somewhat more than controls (ta¬
ble 3). The catabolic and anabolic effects
seemed to be balanced out in the rats receiving
the combined treatment so that growth was
about the same as controls. Systolic blood
pressure of control rats increased to some ex¬
tent during the experiment. The increases in
blood pressure of rats treated with ACTH
and MAD alone were greater than in con¬
trols but were of borderline significance. On
the other hand, administration of MAD and
ACTH together induced a very significant
hypertension.

It is noteworthy (fig. 13) that ACTH in¬
jection caused a significant increase in sodium
intake, whereas MAD administration did
not. Again, combined treatment resulted in
Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969
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Figure 11
(A) Zona fasciculata cells from the adrenal gland of methylandrostenediol-treated rat. The
mitochondria appear elongated and often are wrapped around other mitochondria. The cristae
consist almost entirely of short tubules, frequently connected with the inner mitochondrial
membrane (arrow). The mitochondrial matrix is electron lucid. The intermitochondrial cyto¬
plasm contains a widely dispersed network of smooth-surfaced endoplasmic reticulum (SER),
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a highly significant increase over the mean
control value. Plasma sodium concentrations
reflected quite accurately the sodium con¬

sumption for each group. However, plasma
potassium concentration was slightly above
the control value for rats given ACTH or
MAD alone but was significantly below the
level for rats treated with both ACTH and
MAD.

The organ weight data (table 3) show
cardiac and renal enlargement in the rats
treated with MAD alone or ACTH and MAD.
Adrenal hypertrophy in response to ACTH
is apparent, as is the adrenal atrophy in re¬
sponse to MAD. The weight of the adrenal in
the rats on combined therapy was only
slightly greater than in the rats receiving
MAD alone. Of interest is the significant

1-49

thymic involution produced by ACTH and
the modest involution produced by MAD.
Combined MAD and ACTH treatment pro¬
duced even greater involution of this organ.

Table 4 shows that 36% of the rats treated
with ACTH alone had vascular lesions of
low severity in kidney and heart despite the
relatively small elevation in blood pressure
induced by this treatment. Lesions of rather
comparable incidence and severity were pro¬
duced by MAD, again accompanied by only
a slight rise in blood pressure. However,
combined ACTH and MAD treatment pro¬
duced an appreciably greater incidence and
severity of vascular lesions in both kidney
and heart, along with the highly significant
hypertension depicted in table 3.

Table 4.

Quantitative Evaluation of Morphological Changes in Kidney and Heart

Group and
treatment

Weeks of
treatment

Kidney Heart

% Incidence % Severity % Incidence % Severity

Control
ACTH 4 units im
MAD 5 mg ip
MAD + ACTH

0

36
50
82

0
4

5
16

0
36
40
65

Table 5

Body Weights, Systolic Blood Pressures, and Organ Weights of Control and Testosterone-treated Rats

Body weight (g) Blood pressure (mm Hg) Organ weights (mg)

treatment of rats Initial Final Initial Final Kidney Heart Pituitary Adrenals

Controls 14 122 =fc 2* 216 ± 4 97 ± 3 130 ± 3 1,440 820 11.4 66.5
±40 ±10 ±0.7 ±2.9

Testosterone 17 125 ± 2 211 ± 4 95 ± 2 165 ± 6f 2,410 1,100 8.7 54.9
10 mg so ±60f ±20 f ±0.2f ±1.8f

* Standard error of the mean,

t P < 0.01.

but it is noteworthy that some segments of the endoplasmic reticulum appear to be closely
associated with the outer mitochondrial membrane. X 22,500. (B) Zona fasciculata cells from
the adrenal gland of a methylandrostenediol-treated rat. The cytoplasmic organelles in this
cell are congested. The mitochondria have marked changes which include an electron-lucid
matrix and reduced numbers of small, vesicular cristae, as compared with adrenals from
control animals. Several homogeneous osmiophilic bodies (DB) appear in the matrix of several
of these mitochondria. X 16,000.
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Figure 12

(A) Zona fasciculata cells from the adrenal gland of a MT-treated rat. Mitochondria in these cells
appear similar to those from adrenocortical cells in MAD-treated animals since elongated
mitochondria are seen surrounding other mitochondria. The cristae are predominantly tubular,
and the mitochondrial matrix is electron lucid. Osmiophilic bodies (DB) are seen within the
matrix of several mitochondria. X 20,000. (B) Compact zona fasciculata cell from the adrenal
gland of an MT-treated rat. Mitochondria in compact fasciculata cells have few cristae which
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Figure 13
Sodium intake and plasma sodium and potassium levels of controls and rats injected with
ACTH, MAD, or ACTH and MAD.

Testosterone Hypertension
Testosterone was given subcutaneously in

a daily dose of 10 mg for five days of each
week over a six-week period. Sprague-Daw-
ley rats were used. Under these conditions
no anabolic effect of the steroid was manifest

(table 5) inasmuch as the final body weights
of control and testosterone-treated rats were

the same. Nevertheless, it is clear that testos¬
terone produced a very significant hyperten¬
sion which was accompanied by significant
cardiac and renal hypertrophy and pituitary
and adrenal atrophy.

Gross and microscopic examination of or¬
gans from rats treated with testosterone
clearly showed classic hypertensive vascular
lesions, as described in rats with MAD hy¬
pertension.®

When adrenal homogenates from testos¬
terone-treated rats were incubated with add¬
ed progesterone-4-14C, considerable DOC
accumulation occurred. This disturbance was

similar to that found in MAD and MT-treat-
ed rats, and another similarity was the find¬
ing that the levels of cytochrome P-450 in
adrenal mitochondria from testosterone-treat¬

ed rats was markedly depressed. Microsomal
levels of cytochrome P-450 were not affected.

Metopirone Hypertension

The compound metopirone (2-methyl-l,2-
bis- (3-pyridyl) -1-propanone, mepyrapone) has
been shown to be an adrenal 11/3-hy-
droxylase inhibitor which, when given to
human subjects, produces a pattern of adre¬
nal hormone secretion similar to that found
in the hypertensive form of congenital adre¬
nal hyperplasia.27 It is known that metopi¬
rone will inhibit the 11/3-hydroxylation of
DOC when added to rat adrenal homoge¬
nates, and the results indicate that it is a

competitive inhibitor.28 In addition, it has
been shown that intravenous injection of the
drug into pentobarbital-narcotized rats will

are either vesicular (v) or tubular (t) in profile. The matrix of these mitochondria is electron
lucid and contrasts with the dense matrix in the cytoplasm. Numerous smooth-surfaced, dilated
vesicles (DV) are dispersed throughout the cytoplasm. X 32,000.
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Table 6

Body Weights, Systolic Blood Pressures, and Organ Weights of Control and Metopirone-treated Rats

Body weight (g) Blood pressure (mm Hg) Organ weights (mg)

treatment of rats Initial Final Initial Final Kidney Heart Pituitary Adrenals

Control 7 160 dh 3* 229 ±3 107 ±4 126 ±4 1,580 950 12.7 70.1
±60 ±50 ±0.7 ±2.1

Metopirone
2 mg ip 12 156 ± 2 235 ±3 97 ± 4 148 ± 7 1,760 970 14.7 66.9

±50 f ±30 ±0.5f ±1.5
5 mg ip 12 157 ± 1 225 ± 4 102 ± 2 161 ±8f 1,930 1,100 13.6 70.5

±80f ±50 f ±0.4 ±2.0

* Standard error of the mean,

t P < 0.05.
t P < 0.01.

lead to the inhibition of 11/3-hydroxylation,
and thus, secretion of DOC occurs.29

In the adrenal-regeneration and androgen-
induced hypertension studies presented here,
there is evidence of reduced 11/3-hydroxyla¬
tion activity of adrenal tissue in vitro, and
this observation raises the possibility that we
are dealing with a mechanism for the develop¬
ment of the hypertension which involves hy¬
persecretion of DOC. If this is in fact the
model, then administration of the 11/3-hydrox-
ylase inhibitor, metopirone, would be expect¬
ed to produce hypertension in sensitized rats.
Chronic treatment of dogs with metopirone
did produce hypertension and related physio¬
logical changes.30

Young female Sprague-Dawley rats, which
were uninephrectomized prior to treatment,
received daily intraperitoneal injections of
2 and 5 mg of metopirone. Controls received
injections of vehicle alone. All rats were given
1% NaCl as drinking solution and were sac¬
rificed 24 hours after the last injection.

The mean systolic blood pressure of the 5
mg metopirone group was significantly high¬
er after six weeks than that of the control

group (table 6). Growth patterns of treated
rats did not differ from those of the control

group. Organ weights, recorded at the time
of sacrifice, showed that the hearts and kid¬
neys of the 5 mg metopirone-treated animals
were significantly enlarged. In addition, these
organs showed macroscopic and microscopic

lesions characteristically found with hyper¬
tensive cardiovascular disease in the rat. It
was found, furthermore, that plasma levels
of DOC were ten times greater in the 5 mg
metopirone-treated rats than in controls, in¬
dicating some inhibition of 11/3-hydroxylase
in vivo. Adrenal size did not increase in

metopirone-treated rats, but hypertrophy
was found in another experiment in which
the metopirone was given in 10-mg doses
twice daily.

Discussions

The morphological and biochemical stud¬
ies on adrenal-regeneration hypertension re¬
ported here support the results obtained in
many previous studies15, 22, 28, 81-34 which in¬
dicated that the regenerating adrenal has
abnormal structure and function during
the early stages of regeneration when the
blood pressure is becoming significantly ele¬
vated above control values. In the studies
carried out after three and five weeks of
regeneration, the disturbance in mitochon¬
drial hydroxylation activity was particularly
marked and appeared to be related to the
provision of reducing equivalents. Compli¬
cating this interpretation was the finding that
the adrenal mitochondrial levels of cyto¬
chrome P-45035,36 were subnormal in regen¬
erating adrenals. However, the finding that
11/3-hydroxylation occurred efficiently in the
presence of added NADPH suggests that the
low levels of cytochrome P-450 might be of
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minor importance. Supporting the latter con¬
clusion was the finding that whereas after
eight weeks of regeneration the adrenal mi¬
tochondrial concentration of cytochrome P-
450 was normal, the 11/3-hydrofitting ac¬
tivity of these mitochondria was less than
controls with malate as a source of reducing
equivalents. It might be that the levels of the
malic enzyme are lower in regenerating
adrenal mitochondria, explaining the poor
support of 11/3-hydroxylation by malate. The
significance of these observations will depend
on the role that the malic enzyme reaction
plays in the generation of NADPH for mito¬
chondrial hydroxylations in the rat adre¬
nal.37' 38 The concentration of cytochrome
P-450 in regenerating adrenal mitochondria
did appear to correlate with the number of
vesicular cristae in these mitochondria, as
seen in whole cells and in isolated prepara¬
tions.

At this stage it is cogent to discuss the sig¬
nificance of these observations and to relate
them to the in vivo situation. Results from
various laboratories indicate that during the
early stages of adrenal regeneration, the pro¬
duction of corticosterone by the regenerating
adrenal is reduced, resulting in lower levels
in the blood,22 especially in response to
ACTH.21 There have been no studies in

which all of the secretory products of the
adrenal have been estimated in plasma of
animals bearing regenerating adrenals. Thus,
it is not possible as yet to know whether the
reduced in vitro 11/3-hydroxylating activity
of regenerating adrenal homogenates is in¬
dicative of such a dysfunction being present
in vivo, resulting in the hypersecretion of
DOC, a well-known hypertensive corticoste¬
roid. In other in vitro studies carried out after
three weeks of regeneration and using adre¬
nal slices, Birmingham et al.39 found reduced
corticosterone production from endogenous
precursors in these slices, even in the pres¬
ence of added ACTH. However, if these in¬
cubations were continued for longer periods,
the regenerating adrenal slices appeared to
retain a greater ability to respond to ACTH
than did control adrenal slices. During the

later incubation periods, in fact, the regener¬
ating adrenal slices secreted more corticoster¬
one and 18-hydroxy-DOC than did control
slices, and this finding has raised the possi¬
bility that 18-hydroxy-DOC, a steroid which
has been reported to have mineralocorticoid
activity, might be secreted in larger amounts
by the regenerating adrenal and play a role
in the development of the hypertension. Ob¬
viously, these long-term incubation results do
not agree with the present studies employing
adrenal homogenates and mitochondrial
preparations, but the two studies are in
agreement if one compares the results ob¬
tained during the initial stages of the adrenal
slice incubations with our observations. The
determination of peripheral plasma concen¬
trations of the adrenal hormones in rats bear¬

ing regenerating adrenals will indicate the
significance of these in vitro observations.

In rats treated with the androgens, MAD,
MT, or testosterone, for periods of time vary¬

ing from one to six weeks, decreased adrenal
mitochondrial 18 and 11/3-hydroxylation ac¬
tivity was evident. This dysfunction appar¬
ently was not due to decreased ACTH
secretion brought about by the androgens be¬
cause concurrent treatment with ACTH did
not affect the observed impairment in DOC
metabolism. Associated with these changes in
mitochondrial hydroxylation activity were
changes in the ultrastructure of adrenals,
and these changes were particularly marked
in the mitochondria of the zona fasciculata.
As in the case of the regenerating adrenal
mitochondria, the simplification in adrenal
mitochondria structure brought about by
androgens correlated with marked reduction
in the levels of cytochrome P-450 seen in
these mitochondria. The accumulation of
DOC when adrenal homogenates from an-

drogen-treated rats were incubated with
added progesterone may be related to this
reduction in mitochondrial cytochrome P-450
concentration. However, it should be borne
in mind that both testosterone40 and MT25'41
are inhibitors of steroid 11/3-hydroxylation
and that MAD can be converted to MT in the
adrenal.24 The recent observation by Hyde
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and Daigneault42 that the concentration of
DOC in adrenal venous blood of rats treated
with MAD was increased as the corticoster-
one level fell supports the concept that im¬
paired 11 /3-hydroxylation of DOC, for what¬
ever reason, is involved in the pathogenesis
of androgen-induced hypertension. Still to be
explained is why MAD, which itself is not
an 11/3-hydroxylase inhibitor, produces a
more severe hypertension than MT.

The occurrence of hypertensive cardiovas¬
cular disease in the rat following adminis¬
tration of metopirone supports the concept
that in vivo inhibition of adrenal 11/3-hydrox-
ylation activity with hypersecretion of DOC
can be a mechanism for the production of
hypertension. In this experimental model ele¬
vated levels of DOC in plasma also were
demonstrated. Although competitive inhibi¬
tion of steroid 11/3-hydroxylase has been al¬
luded to as a possible factor involved in
androgen-induced hypertension, it should be
pointed out that differences exist in the status
of the adrenal cortex in androgen and
metopirone-treated animals. Androgen treat¬
ment brings about marked reduction in adre¬
nal weight and additional changes in adrenal
morphology and in concentration of adrenal
mitochondrial cytochrome P-450. Metopirone
treatment, on the other hand, led to unaltered
adrenal weight and no change in adrenal
mitochondrial cytochrome P-450 levels, al¬
though cytoplasmic colloid globules were
present in some cortical cells, just as they
were in adrenals of rats which received

androgens.
It appears that adrenal dysfunction, which

probably involves impairment of adrenal 11/3-
hydroxylation activity, may be involved in
all three forms of experimental hypertension
studied here. In adrenal regeneration hyper¬
tension, production of reducing equivalents
for adrenal mitochondrial hydroxylations may
be an important factor. In androgen-in¬
duced hypertension a combination of re¬
duced levels of adrenal mitochondrial cyto¬
chrome P-450 and competitive inhibition of
steroid 11/3-hydroxylase by the androgen may
be involved. In metopirone hypertension the

pathogenesis may simply involve competitive
inhibition of adrenal steroid 11/3-hydrox-
ylase. Whatever may turn out to be the mecha¬
nism for altered corticosteroid biogenesis in
the regenerating adrenal cortex and the
adrenal gland of androgen-treated rats, the
functional abnormalities described are asso¬

ciated at least with decreased numbers of
mitochondrial cristae in adrenal cortical cells.
It is not possible to ascribe any cause-and-
effect relationship at the moment between
cytochrome P-450 levels, 11/3-hydroxylating
activity, and these mitochondrial ultrastruc-
tural characteristics. However, if future
studies show no change in electron micro¬
scopic appearance of mitochondria from
adrenals of metopirone-treated rats in the
presence of normal cytochrome P-450 con¬
centrations, it would further suggest a local¬
ization of cytochrome P-450 to these mem¬
branous components of mitochondria.

Summary
Adrenal cortical function and structure

have been studied in the rat in relation to

similar and characteristic hypertensive vas¬
cular disease which occurs during adrenal
regeneration and in response to the adminis¬
tration of methylandrostenediol (MAD),
methyltestosterone (MT), testosterone, or
metopirone. The development of all these
forms of experimental hypertension was ac¬
companied by inability of homogenized adre¬
nal tissue or isolated mitochondria to

11/3-hydroxylate deoxycorticosterone to cortic-
osterone readily, thereby allowing deoxycor¬
ticosterone to accumulate in the incubation
media. Low levels of 11/3-hydroxylating ac¬
tivity were accompanied by low concentra¬
tions of mitochondrial cytochrome P-450 in
androgen-induced and adrenal-regeneration
hypertension. Zona fasciculata cells of regen¬
erating adrenals and adrenals from animals
treated with MAD or MT possessed abnormal
mitochondria when examined in the electron

microscope. Plasma deoxycorticosterone lev¬
els were increased about tenfold during
metopirone hypertension.

All of these findings taken together suggest
a common pathogenesis for the various forms
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of hypertension studied, namely, an inade¬
quacy of adrenal cortical 11/3-hydroxylation
leading to a dysfunctional state characterized
by overproduction of deoxycorticosterone. In
each case the exact nature of the 11/3-hydrox¬
ylation defect appears to be different.
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Discussion

Dr. Patrick J. Mulrow, New Haven, Con¬
necticut: Dr. Brownie, I enjoyed reviewing
all your data, and I just want to ask two
questions about adrenal enucleation or re¬
generation hypertension. As you mentioned
in your summary, the mitochondria are un¬

able to reduce NADP. There are several pos¬
sible ways that might happen: one is that the
transhydrogenase is deficient. One could test
that by blocking mitochondria with cyanide
and rotenone, adding malate with and with¬
out ATP, and then studying the conversion
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of DOC to B. I wonder if you have looked at
that possibility.

Another important mechanism for reducing
NADP is through the oxidation of isocitrate
by isocitrate dehydrogenase. In fact, using
isocitrate as the substrate, one can obtain ex¬
cellent conversions of DOC to corticosterone
in mitochondria in which the respiratory
chain is blocked by cyanide and rotenone.
Perhaps, you should measure the levels of
this enzyme as well.

Dr. Brownie: Dr. Mulrow should have
been in our laboratory yesterday. The experi¬
ment which he has just suggested and which
is the right one to do was performed yester¬
day. The only other information, which I did
not show in the illustration (fig. 5) but which
we do have, is that succinate will not in fact
support hydroxylation in these regenerating
adrenal mitochondria. That is the only addi¬
tional thing we have done apart from malate.
But yesterday we did use isocitrate, and we

hope to get an answer to that particular prob¬
lem. Of course, we were interested in the possi¬
bility that we might be dealing with a defi¬
ciency in malic enzyme, but until we get
the results of these experiments and do some
more work along the lines you suggest, we
cannot really pin it down exactly. It is inter¬
esting, however, that malate is a very good
substrate to support 11-hydroxylation in the
normal adrenal mitochondria. It was a poor
substrate in these regenerating adrenal mi¬
tochondria. And what really surprised me
was that it was still poor at eight weeks. At
this time we had mitochondria which con¬

tained just as much protein and cytochrome
P-450 as normal mitochondria, and yet they
were unable to use malate.

Dr. Mulrow: Since the biosynthesis of cor¬
ticosteroids involves many hydroxylations
and the rate-limiting step, the conversion of
cholesterol to pregnenolone, involves two hy¬
droxylations, what is it about 11-hydroxyla-
tion that appears to be so rate-limiting in

these regenerating adrenal mitochondria?
Dr. Broiunie: Again, this is a good question,

particularly with regard to the regenerating
adrenal. We are in the process of doing
the incubations with cholesterol. It is fairly
obvious that we have to look at the activity
of these particular hydroxylating steps—20
and 22 as well as the 11 and 18—all of which
occur in the mitochondria. I think we have
solid evidence that there is something wrong
with 11-hydroxylation. We would be very ex¬
cited if we found that 20 and 22 were normal
because this finding would support the idea
that in the mitochondria there are several
different cytochromes P-450. Perhaps what
we are dealing with here is a deficiency of a

specific cytochrome P-450. We do have evi¬
dence of an over-all drop in the concen¬
tration.

Dr. Herbert G. Langford, Jackson, Missis¬
sippi: Implicit in your "MAD" hypertension
schema is the idea that it would not be effec¬
tive in the adrenalectomized rat. Is that cor¬

rect?
Dr. Brownie: That is true.

Dr. Langford: They do not become hy¬
pertensive?

Dr. Brownie: Salgado and Selye in 1954
published a paper in which they showed that
when they gave methylandrostenediol in a
uninephrectomized, bilaterally adrenalectom¬
ized rat maintained on small amounts of cor¬

ticosterone, the animal did not develop
hypertension. However, there is another publi¬
cation from Dwight Ingle's laboratory which
suggests that this may not be the case. We
are presently in the process of studying this
point. On the basis of Salgado and Selye's ob¬
servation, we have assumed that the adrenal
was essential for the development of "MAD"
hypertension. The recent finding by Paul Hyde
of increased DOC concentration in adrenal
vein blood of MAD hypertensive rats sug¬
gests that the adrenal gland is important in
the pathogenesis of hypertension.

Supplement I to Circulation Research, Vols. XXIV and XXV, May 1969



Reprinted from
TRANSACTIONS OF THE NEW YORK ACADEMY OF SCIENCES

Series II, Volume 31, No. 3, Pages 251-255
March 1969

SECTION OF BIOLOGICAL AND MEDICAL SCIENCES

STRUCTURE-FUNCTION STUDIES OF THE REGENERATING ADRENAL*t

Floyd R. Skelton, M.D., Ph.D. and Alexander C. Brownie, Ph.D.

State University of New York at Buffalo,
School of Medicine, Departments of Pathology and Biochemistry

Buffalo, N.Y.

Three considerations have sustained the long continued interest of our
laboratory in the phenomenon of adrenal regeneration.One has been a natural
curiosity about the mechanism whereby the simple process of adrenal enuclea¬
tion leads to hypertensive disease under conditions of uninephrectomy and free
access to a 1% sodium chloride drinking fluid. The second has been the belief
that elucidation of the mechanism of adrenal regeneration hypertension (ARH)
might help in our understanding of the pathogenesis of hypertension in man.
Thirdly, there has been the expectation that combined functional and morpho¬
logic examination of regenerating adrenals would enhance our general bio¬
logical knowledge of adrenal cortical cells.

To say that I was merely surprised in 19551 when I observed that hyper¬
tensive cardiovascular disease occurred in rats bearing a single regenerating
adrenal gland would be a gross understatement. The fact of the matter is that
I was completely nonplused for, like everyone else, I firmly believed such
glands to be hypofunctional. Nonetheless, the hypertension did develop con¬
currently with restitution of the cortex, and the presence of regenerating
cortical tissue soon was shown to be essential for the hypertensive syndrome
to occur jt was quite naturally assumed that something was coming from
the regenerating cortex in sufficient quantity to either induce the hypertension
or to maintain the vascular system's responsiveness to some extra adrenal
substance(s) responsible for the blood pressure elevation. A positive role for
the regenerating adrenal was demonstrated by the failure of hypertension to
develop when the enucleated gland was transplanted to the mesentery^ so that
the venous effluent from the regenerating tissue passed through the liver via
the portal venous circulation. Since the liver is known to inactivate steroids
by reduction and conjugation, the inference was that something from the re¬
generating adrenal which is intimately concerned with the production of
hypertension was being inactivated. The nature of that "something" from the
regenerating cortical tissue has been the burning issue in this field ever since.

Since 1957, extensive studies on the qualitative and quantitative nature of
the secretory products of the regenerating adrenal gland have been re-
ported5-20 and reviewed in detail elsewhere.21-23 The interested reader is
directed to these articles; but, for the purposes of this presentation, the fol¬
lowing conclusions seem justified.

♦This paper was the first of two papers presented at a meeting of the Section on
November 20, 1968.

tThese investigations were supported by U.S.P.H.S. Research Grant No. HE 06975
from the National Heart Institute and Training Grant No. GM 01500 from the National
Institute of General Medical Sciences.
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(1) Aldosterone production by the regenerating adrenal is less than nor¬
mal, particularly under the high sodium intake conditions necessary for de¬
velopment of adrenal regeneration hypertension.

(2) Corticosterone ("B") production immediately following adrenal enucle¬
ation is reduced to very low levels but returns to or slightly above normal as
regeneration occurs. At no time, however, have sufficiently elevated peripheral
plasma levels been found which could produce hypertension.

(3) Total steroid output of incubated quarters of regenerated adrenal glands
is lower than that of an equal amount of normal adrenal tissue. ACTH stimu¬
lates a more prolonged increase in total steroid output by regenerated adrenals
than by normal adrenals when the tissue is incubated in vitro. Incubated frag¬
ments of regenerated adrenals respond to prolonged ACTH stimulation by a
greater production of B and 18-hydroxy-deoxycorticosterone (18-OH-DOC)
than do normal adrenals similarly studied.

(4) In vitro conversion of progesterone to B by homogenized regenerating
adrenal cortical tissue is greatly reduced early in the course of adrenal regen¬
eration but returns toward normal as regeneration continues. Accompanying
the decreased B production is a large accumulation of deoxycorticosterone
(DOC) in the incubation medium, suggesting that 21-hydroxylation in regen¬
erating adrenal cortical tissue is normal whereas 110-hydroxylation is in¬
adequate. These observations have been fundamental to the development of
our thesis concerning the pathogenesis of ARH, and I should like to acknowl¬
edge the primary role played by my colleague Dr. A. C. Brownie in making
them.

(5) If, indeed, the important defect in the regenerating adrenal is inade¬
quate 11/3-hydroxylation of DOC to B, the defect should be apparent where
isolated mitochondria are used as enzyme substrate, inasmuch as 110-
hydroxylase is localized to these cell organelles. Recent experiments by Mr.
Samuel Gallant in our laboratory have shown that incubation of isolated mito¬
chondria from 3-week regenerating adrenals with 11-deoxycorticosterone-
4-resulted in almost no conversion of DOC to B when malate alone was

used as the source of reducing equivalents, whereas control adrenal mito¬
chondria metabolized almost all the added DOC to B.When NADPH was added
to the incubation medium, however, the 3-week regenerating adrenal mito¬
chondria displayed conversion of DOC to B which was equivalent to that of
normal adrenal mitochondria without added NADPH. With increasing length of
adrenal regeneration, there was increasing capacity of cortical mitochondria
to convert DOC to B using malate as the sole source of reducing equivalents,
but even at 8 weeks this capacity was less than for normal control adrenal
mitochondria. These and similar observations from incubation experiments
using fumarate and succinate in the media have led us to suggest that one of
the metabolic defects of the regenerating adrenal cortex is an inadequacy of
NADPH generation, a known requirement for 110-hydroxylation.24,25

(6) In the same experiments alluded to above, the mitochondrial level of
cytochrome P-450, a specific cytochrome concerned with hydroxylations, was
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reduced to about 50% of normal in 3-week regenerated adrenals but returned
to the normal level after 8 weeks of regeneration. Inasmuch as ll(3-hydroxy-
lating activity of 8-week adrenal regenerates remains less than that of con¬
trol glands, the changes in cytochrome P-450 may be of minor importance as
a determinant of the altered steroid biogenesis of regenerating adrenals.

(7) An electron microscopic study of regenerating adrenals has been per¬
formed in our laboratory by Dr. Peter N. Nicker son and clearly indicates
that a succession of ultrastructural changes take place in the cortical tissue
which remains after enucleation and from which the new definitive adrenal
cortex is derived. Despite the fact that the cortical tissue remaining after
enucleation is almost entirely composed of zona glomerulosa cells by light
microscopy, the electron microscope showed only the presence of cortical
cells having the ultrastructural characteristics of zona fasciculata cells by
48 hours after enucleation. By 7 days after enucleation, relatively normal ap¬
pearing zona glomerulosa cells were detectable in the subcapsular region,
whereas the inner portion of the regenerating gland consisted of cells having
the general characteristics of zona fasciculata cells. However, these latter
cells differed from normal in that the mitochondrial population was reduced
and the cytoplasm appeared more electron lucid with dilated segments of
endoplasmic reticulum. The most striking abnormality was in the mitochon¬
dria themselves which showed a markedly reduced number of vesicular cristae
and an electron lucid matrix. These changes remained clearly apparent through
the twenty-first day of regeneration, but thereafter the number of mitochondria
per cell and the number of vesicular cristae per mitochondria increased per¬
ceptibly. By 56 and 70 days after enucleation, the ultrastructural appearance
of the regenerated zona fasciculata cells was indistinguishable from normal.

Summary

In summation, our investigations of the morphologic and functional charac¬
teristics of regenerating adrenal cortical tissue in the rat have been directed,
almost exclusively, toward elucidation of the pathogenesis of ARH. Evidence
has been derived from in vitro experiments that homogenates of regenerating
adrenal cortical tissue 11/3-hydroxylate DOC to B with difficulty. This meta¬
bolic deficiency is associated with inadequacy of NADPH generation and de¬
creased mitochondrial concentration of cytochrome P-450. Studies so far
suggest that the former is a more important determinant of the metabolic
defect than is the latter. As a result of this inadequate enzymic conversion,
DOC accumulates in the incubation medium. The adrenal cortical cells which
remain attached to the capsule after enucleation soon assume ultrastructural
characteristics of zona fasciculata cells. Between 2 and 4 weeks after enucle¬

ation, the mitochondria of regenerating cells have an electron lucid matrix
with decreased numbers of vesicular cristae frequently localized at the per¬
iphery of the organelle. The concurrence between this morphologic change,
inadequacy of NADPH generation, decreased efficiency of 11(3-hydroxylation,
in vitro accumulation of DOC in the incubation medium, and the development
of hypertension in rats suggests cause and effect relationships which we be¬
lieve to be concerned with the pathogenesis of ARH.
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An Electron Microscopic Study of the Regenerating
Adrenal Gland During the Development of Adrenal
Regeneration Hypertension

Peter A. Nickerson, PhD, Alexander C. Brownie, PhD, and
Floyd R. Skelton, MD, PhD

The development of a severe form of hypertensive disease
(adrenal regeneration hypertension) in the rat during restitution of
the adrenal cortex is one of the most interesting yet perplexing problems
in the biology of tissue regeneration.1 Although hypertension can oc¬
cur in young rats bearing regenerating adrenals without uninephrec-
tomy,2 severe lesions in the heart, kidney, brain and blood vessels char¬
acteristic of hypertensive vascular disease occur to a greater extent when
renal mass has been reduced.1,3 The essentiality of regenerating adrenal
cortical tissue for the development of this syndrome has been conclu¬
sively shown by the observation that hypertensive disease does not
occur when adrenal regeneration is inhibited.3,4 The mechanism by
which the regenerating adrenal initiates the hypertension is not known,
although some functional abnormality of the newly formed cells has
been implicated.5

Study of regenerating adrenal cortical tissue by various cytochemical
techniques also has suggested that the newly replicated cells are not
entirely normal.6 Furthermore, electron microscopy of adrenal glands
regenerating in situ7 and intramuscularly8 has depicted certain cy¬
tologic abnormalities of the regenerating cortical cells. However, no

study using both light and electron microscopy, has been undertaken to
document the sequential morphologic events of adrenal cortical restitu¬
tion under conditions which lead to the development of hypertensive
disease. This has been the major objective of the experiment reported
here.

Materials and Methods

Young female Holtzman rats aged 44 days at operation were used. In control
and experimental groups, the right kidney and adrenal were removed and in the
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experimental groups the left adrenal was enucleated also, according to the method
of Ingle and Higgins.9 All rats were given Purina Lab Chow and a drinking solu¬
tion of 1% sodium chloride ad libitum. Eight experimental and 6 control animals
were killed by decapitation at zero time and at 2, 4, 7, and 10 days and at 2, 3,
5, 8, and 10 weeks after adrenal enucleation.

After decapitation, the adrenals were removed, freed of adherent fat and con¬
nective tissue and slices approximately 1 mm in thickness were cut through the
entire glandular mass. These slices were fixed for 4 hr in 3% glutaraldehyde
buffered to pH 7.2 with 0.1 M phosphate buffer.10 After fixation, the tissues were
washed in ice cold buffer to remove excess glutaraldehyde and stored in cold
buffer overnight.

In the case of the adrenals from control rats, the glands were divided into' the
three cortical zones by means of a fine scalpel under a dissecting microscope. The
zona glomerulosa was isolated by taking thin tangential sections near the surface
of the adrenal, the zona fasciculata was identified by the white color imparted by
the abundance of lipid and the zona reticularis was identified by the reddish brown
color due to the absence of lipid. Ten blocks of tissue were taken from each of
these identified zones from 3 of the rats killed at each of the periods indicated
above.

In the case of the regenerating adrenal, the cortical tissue was freed from the
central hemorrhagic mass or fibrous tissue by means of a fine scalpel under a
dissecting microscope. At zero time after enucleation, the tissue samples consisted
solely of zona glomerulosa cells since these cells were the only ones remaining
attached to the capsule of the gland. After 2, 4 and 7 days of regeneration, it
was not possible to identify clearly any cortical zonation under the dissecting
microscope or in thick sections examined with a light microscope. Nevertheless,
tissue blocks were taken from sites immediately adjacent to the capsule, from an
intermediate depth from the capsule and from the edge of the cortex which
adjoined the central hemorrhagic mass. By 10 days after enucleation, a recognizable
zona glomerulosa was apparent in the light microscope so that tissue sections
from this zone were taken by tangential sections of the adrenal in a fashion identical
to that used for adrenal glands of control rats. In addition tissue blocks were taken
from an intermediate location in the regenerated cortex and from the area of the
regenerate adjacent to the central coagulum or fibrous tissue mass. In this way we
have attempted to assure adequate sampling of all regions of the regenerating
cortical tissue at all time periods throughout the experiment. In all cases, 10 tissue
blocks from all locations were taken for further processing from each of 3 rats killed
at all time periods.

Tissues were postfixed in 1% osmic acid buffered with 0.1 M phosphate to pH
7.2. After dehydration in a series of chilled ethanol solutions followed by propylene
oxide, the tissues were embedded in a mixture of Epon 812 and Araldite according
to the method described by Mollenhauer.11 The blocks were sectioned with glass
knives on a Porter-Blum ultramicrotome. Sections approximately one micron in
thickness first were cut from each block, stained with toluidine blue, and examined
in a light microscope. Before thin sections were cut, the blocks were trimmed to
include adrenocortical cells whose zonal position in the adrenal had been identified
by light microscopy insofar as possible. Ultrathin sections were doubly stained
with methanolic uranyl acetate 12 and lead citrate.13 Electron micrographs were
taken with a Siemens Elmiskop I electron microscope.

For demonstration of lipid, adrenal tissue from the other 3 rats in the control
and experimental groups killed at each time interval were fixed in 10% neutral
formalin. Frozen sections, cut on a cryostat, were stained with either oil red 0 or
Sudan black B and mounted in glycerine jelly.
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Systolic blood pressure of lightly anesthetized animals was determined in the tail
at weekly intervals throughout the experiment using a Physiograph Four (E and M
Instrument Co.). Values in excess of 150 mm Hg were regarded as being in the
hypertensive range.

Results

General Observations

As documented previously 9 and stated above, only a narrow rim of
tissue composed of zona glomerulosa cells remained adherent to the
capsule after adrenal enucleation. Within 24 hr, enlargement of the
collapsed adrenal was caused by hemorrhage into the center, of the
gland so that red blood cells were present among the remaining cortical
cells, many of which had become necrotic. Cell proliferation began
within 4 days and by 7 days regeneration was clearly evidenced by the
mitotic figures and increased cortical mass. During regeneration, the
connective tissue of the capsule became thickened and edematous but
returned to normal width by approximately 3 weeks. Cortical zonation
appeared to begin by about 10 days and was virtually normal after 4
weeks as seen by light microscopy. The central coagulum was reab¬
sorbed gradually so that only a small fibrous remnant remained at the
end of 5 weeks.

Changes in the systolic blood pressure of rats bearing regenerating
adrenal glands (Text-fig 1) were similar to those which have been
reported.1 The mean systolic blood pressure of animals bearing re-

WEEKS

Text-fig 1. Systolic blood pressure of control and adrenal-enucleated rats. The
vertical lines on either side of the points represent the standard error of the mean.
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generating adrenals was significantly higher than that of controls by
3 weeks after enucleation. The experimental animals were clearly hyper¬
tensive at 4 weeks (BP 163 ± 3 mm Hg); a significant difference in
blood pressure between control and experimental rats actually existed
throughout the last 7 weeks of the experiment.

All controls survived the entire experimental period, whereas approx¬
imately 50% of the animals bearing regenerating adrenals died before
the end of the tenth week. The mean body weights of the two groups
did not differ significantly during the period of observation. Gross
pathological changes, as previously described,1 occurred in the kidney,
heart and mesenteric vessels of many animals bearing regenerating
adrenals. No gross lesions were seen in any of the organs of control
rats, although the kidney and adrenals were enlarged.
Fine Structure of Control Adrenals

The fine structure of adrenocortical cells in uninephroadrenalecto-
mized control rats at all time intervals was similar to that reported by
others for unoperated intact animals.14 Since our interest in this study
was particularly directed toward the mitochondria, it is worth recalling
the characteristics of these cell organelles in the different zones of the
rat adrenal cortex. Mitochondrial cristae in the zona glomerulosa con¬
sist of short tubules which may appear as vesicles when cut in cross
section. Cristae in zona fasciculata and zona reticularis cells are com¬

posed of numerous, closely packed vesicles which virtually fill the
entire mitochondrial matrix.

At 2 days after operation, numerous cells with an electron lucid
cytoplasm were observed throughout the zona fasciculata and zona
reticularis (Fig 1). The mitochondria of these cells were round or oval
and contained closely packed vesicular cristae. The fight cytoplasm was
similar in appearance to that seen in the gerbil adrenal during early
periods of ACTH stimulation.15 The cells of the zona glomerulosa were
of normal appearance. By 7 days the cytoplasmic matrix of most adreno¬
cortical cells had returned to a normal appearance despite the fact that
the adrenal was undergoing hypertrophy. The mitochondria of zona
fasciculata cells appeared somewhat less densely packed with vesicular
cristae some of which were connected such that a short tubule was

formed (Fig 2); lipid droplets were seen in large numbers at all times
(Fig 2). Throughout the remaining time periods no abnormalities in
fine structure were observed in either fasciculata or reticularis cells.

The ultrastructure of zona glomerulosa cells throughout the experi¬
ment also was similar to that described by others for unoperated intact
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animals.13 The tubular cristae of mitochondria were similar to those in

normal animals, in spite of the fact that the control rats in this experi¬
ment had received 1% saline to drink (Fig 3). Many glomerulosa
cells, however, had increased numbers of lipid droplets while adjacent
cells contained none. Moreover, numerous lysosomes were observed in
some glomerulosa cells.

Fine Structure of Regenerating Adrenals from 0 to 7 Days

After enucleation, the adrenal capsule became edematous and the
evacuated center of the gland was filled with blood. At 2 days the
cortical cells in the zona glomerulosa region no longer possessed the
appearance of normal glomerulosa cells although the cells which had
remained attached to the adrenal capsule according to all previous
studies and verified by our own zero time observations, had been zona
glomerulosa cells. It was surprising to find, therefore, that the mito¬
chondria of these cells now possessed cristae which were more vesicular
in nature than tubular, although some simple tubular characteristics
persisted (Fig 4). In some mitochondria the vesicular cristae were
located adjacent to the inner membrane, whereas in others they were
present within the matrix, the cristae sometimes uniting with other
vesicles to form short tubular segments. The matrix of all of the mito¬
chondria was electron lucid. The smooth surfaced endoplasmic reticu¬
lum in many cells was vesicular and noticeably dilated, whereas in
others the appearance was virtually normal (Fig 4). Numerous free
ribosomes were present in the cytoplasm of the cortical cells.

Four days after enucleation, lipid droplets were almost entirely absent
from regenerating adrenocortical cells but a small number of non-
membrane limited osmiophilic bodies with an especially dark peripheral
ring and a less dense central core were observed (Fig 5). These struc¬
tures were distinct from lysosomes (Fig 5). Again, mitochondrial
cristae in cells from all levels through the cortical tissue were pre¬

dominantly vesicular and were not as numerous as those seen in mito¬
chondria from control animals.

By 7 days, cortical cells had increased considerably in number and
typically possessed an increased amount of smooth endoplasmic reticu¬
lum and free ribosomes (Fig 6). The predominant cell type in the
newly forming cells comprising the middle and inner portions of the
regenerate had mitochondria with reduced numbers of vesicular cristae
dispersed in an electron lucid matrix. No cells possessed the typical
ultrastructural appearance of normal zona fasciculata-reticularis cells.

It should be noted that recognizable zona glomerulosa cells reap-
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peared at 7 days in the outer zone of the regenerate (Fig 7). The
mitochondria of these cells were elongated and contained tubular cristae
which were frequently connected to the inner mitochondrial membrane
but did not form a complex network of anastomosing tubules: these
tubules appeared as vesicles when cut in cross section. The matrix of
mitochondria was relatively electron dense, sometimes appearing as an
irregular mass between the cristae. Numerous lysosomes were a unique
feature of such cells. The matrix of the lysosomes was granular and
crystalline material was found at the periphery of these bodies. The
Golgi apparatus was prominent and vesicles were observed in associa¬
tion with the peripheral cisternae.

Fine Structure of Regenerating Adrenals from 10 to 21 Days

By this time the regenerating adrenal can be divided into an outer
zona glomerulosa and an inner region of cells extending from the
glomerulosa to the central fibrous tissue mass. In the inner region,
light cortical cells were first identified at 10 days in 1 /a sections of
regenerating adrenals stained with toluidine blue (Fig 8), and were

present in even greater number at 14 and 21 days. The cells appeared
light due to the presence of numerous vacuoles observed by light
microscopy which, in adjacent ultrathin sections, corresponded to en¬
larged mitochondria with few cristae and an electron lucid matrix
(Fig 9). Such cells also had other distinctive characteristics which
included dilated, vesicular endoplasmic reticulum, an irregularly shaped
nucleus and numerous electron dense cytoplasmic bodies (Fig 9).

Dark cells seen in the fight microscope contrasted markedly with the
fight cells (Fig 8) and in the electron microscope were characterized
by round nuclei, a somewhat electron dense cytoplasmic matrix and
numerous tubules and vesicles of smooth endoplasmic reticulum (Fig
10). Lipid droplets were observed in dark cells after 14 days of re¬
generation and numerous free ribosomes were seen, although others
were attached to endoplasmic reticulum. At 10 and 14 days, many
cristae in mitochondria of dark cells were located peripherally and
apparently were continuous with the inner mitochondrial membrane
(Fig 11). By 21 days the number of mitochondrial cristae in dark cells
was greater than at earlier periods but did not equal the number of
cristae in mitochondria of fasciculata cells of control rats killed at the
same time interval. The vesicular appearance of cristae was re-estab¬
lished in many mitochondria of regenerating cells, but in others they
formed a system of interconnected, short tubular segments (Fig 10).
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Fine Structure of Regenerating Adrenals from 35 to 70 Days

During the late period, the inner region of regenerated adrenals
became differentiated into a zona fasciculata and reticularis similar in
the light microscope to that of controls; a zona glomerulosa was seen
adjacent to the capsule of such adrenal regenerates. After 35 days of
regeneration dark cells outnumbered light cells. The changes to be
described in the following section occurred in dark cortical cells.
Whereas, many mitochondria exhibited tubulo-vesicular cristae at 21
days, virtually all mitochondrial cristae were vesicular after 35 days
of regeneration (Fig 12). Almost all mitochondria contained a nearly
normal number of cristae but even yet some mitochondria were small
and had a few cristae which formed interconnecting tubules. The
endoplasmic reticulum was predominantly smooth-surfaced. There was
a further increase in the number of lipid droplets of cortical cells as
regeneration progressed. Lysosomes also were seen in many of these
cells. By 56 and 70 days the number and appearance of vesicular cristae
in many mitochondria (Fig 13, 14) could not be distinguished from
those of control adrenal cortical cells. Occasionally giant spherical
mitochondria packed with vesicular cristae were observed in fasciculata
cells (Fig 13). Tubules of smooth endoplasmic reticulum were more
prominent in the cytoplasm of many cells at 70 days (Fig 14) than at
56 days (Fig 13). In contrast to the abundant agranular reticulum,
small patches of rough endoplasmic reticulum were scattered through¬
out the cytoplasm of these cells at both times, although numerous
ribosomes were unattached to membranes.

Few ultrastructural changes occurred in zona glomerulosa cells of
animals receiving saline for 56 and 70 days, although it is well-known
that this treatment produces a small zona glomerulosa in adrenals of
intact rats.16 Similar to the results at 35 days, zona glomerulosa cells
for the most part contained numerous lipid droplets at 56 (Fig 15) and
70 days. The mitochondrial cristae appeared similar to those in zona
glomerulosa cells of control adrenals.

Discussion

The reports of Fortier and DeGroot,17 Skelton 18 and Gaunt et al19
and the results of the present study clearly indicate that the natural
course of adrenal cortical regeneration may be divided into three
stages—early, intermediate and late. Although somewhat artificial,
such temporal compartmentalization provides a convenient framework
within which the diversity and dynamics of the ultrastructural and
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functional characteristics of the regenerating adrenal may be con¬
sidered. The cortical cells which remain attached to the fibrous capsule
of the gland after enucleation are believed to be of zona glomerulosal
origin and to serve as the "stem" cells from which a new adrenal cortex
is derived by successive cell divisions and differentiations. Although
this regenerative process appears to be under the direct control of
ACTH, the factor(s) concerned with the reestablishment of zones in
the regenerated cortex are less well understood. It was surprising,
therefore, to find as early as 2 days after enucleation that the mito¬
chondria of the residual cortical cells possessed largely vesicular rather
than the tubular cristae so characteristic of normal zona glomerulosa
cells.14 This seems to represent some kind of dedifferentiation and
raises important questions concerning the mechanism of this mito¬
chondrial transformation and its functional significance.

In this regard it should be borne in mind that the nature of the
enucleation procedure is such that the feedback control of ACTH secre¬
tion by the adenohypophysis is interrupted which, together with the
stress of the surgery itself, brings about a massive discharge of ACTH.
This latter fact has been convincingly documented by Fortier and
DeGroot17 who measured the pituitary content of ACTH before and
after adrenal enucleation and by Nakayama, Nickerson and Skelton20
who have described the virtual disappearance of granules from the
ACTH-secreting cells of the anterior pituitary within 12-24 hr post¬
enucleation. Thus, there is concurrence between ACTH release and
mitochondrial transformation which suggests a cause and effect relation¬
ship. This hypothesis receives strong support from the finding of Kahri21
that adding ACTH to adrenal cortical cells maintained in tissue culture
transforms their mitochondria from tubular zona glomerulosa-cell type
to vesicular zona fasciculata cell type.

Gaunt et al19 have observed during the immediate postenucleation
period that rats exhibit a transient aversion to salt and are relatively
unable to excrete a sodium load. Despite the central blood clot and
generally disorganized structure of the newly enucleated adrenal, their
studies indicate that the residual cortical tissue is highly functional and
that this function is not easily blocked by diuretic substances. These
authors postulate that the substance (s) produced has to be primarily a
mineralocorticoid, possibly associated with a substance having gluco¬
corticoid activity. The dependence of this postenucleation sodium re¬
tention on the presence of the hypophysis and its partial restoration
in hypophysectomized animals by administration of /3-corticotrophin 1-24
indicates the essentiality of adequate amounts of ACTH. This would
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conform very well with the massive discharge of ACTH known to occur
in the immediate postenucleation period.17 Thus, whatever may be the
nature of the secretion product of the early postenucleation adrenal, it
is interesting to speculate that it may have some direct relationship with
or dependence upon the mitochondrial transformation which occurs
at the same time.

By the end of the early period of adrenocortical regeneration (7
days), cells possessing mitochondria with tubular cristae had reappeared
beneath the capsule of the gland in a narrow band or zone, presumably a
re-established zona glomerulosa. This sequence of events suggests that
the restitution of cortical zonation begins only after a period when all
residual cortical cells come to possess the morphologic characteristics
of zona fasciculata cells. Beginning at this time and extending through¬
out the intermediate period (10-21 days), the innermost regenerated
cells were characterized by mitochondria which possessed decreased
numbers of vesicular cristae dispersed in an electron lucid matrix
(zona fasciculata cells). The noteworthy aspects of this mitochondrial
appearance are that the cells containing such mitochondria correspond
to the light cells observed in the light microscope and are observed most
prominently during that interval when the rats bearing regenerating
adrenals are becoming hypertensive. It is interesting that neither light
nor dark cells were described by Penney, Patt and Dixon 8 in regenerat¬
ing adrenals, although Giacomelli, Wiener and Spiro 22 found increased
numbers of light cells in the zona glomerulosa of rats fed a sodium
deficient diet and suggested that these cells might be responsible for
secreting aldosterone. It is somewhat difficult, however, to reconcile
this suggestion with Symington's 23 concept that it is the dark or com¬
pact cells which are most active in corticosteroid biosynthesis.

Such ultrastructural mitochondrial changes as observed in the present
experiment have not been reported in previous studies of regenerating
adrenal cortical tissue either in situ 7 or intramuscularly.8 At the present
time no explanation is apparent for the disparity between these findings
and our own. It should be borne in mind that the conditions under which
the cortex regenerated were quite different, inasmuch as halved
adrenals transplanted intramuscularly undergo considerable tissue
necrosis before a blood supply is established and in situ enucleation
is followed by the formation of a central coagulum as a result of the
continued integrity of the glandular blood supply. Another difference
between the studies is the internal environment in which the adrenal

regeneration occurred, since neither Sabatini, Bleichmar and De-
Robertis 7 nor Penney, Patt and Dixon 8 used uninephrectomized rats
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allowed to drink 1% saline ad libitum. The likelihood of these experi¬
mental conditions accounting for the differences in the mitochondrial
structure reported here seems remote, in view of the fact that no adrenal
mitochondrial changes were seen in the uninephrectomized, uniadrenal-
ectomized control animals also drinking 1% saline. Although adrenal
hypertrophy occurred in these latter rats, it can hardly be considered
comparable to regeneration.

In addition to abnormalities in mitochondrial fine structure, biochem¬
ical evidence suggests that the pattern of steroids formed by the re¬
generating adrenal during the intermediate period and beyond is altered.
Adrenal regenerates have an impaired ability to synthesize aldosterone
and 18-hydroxycorticosterone24 and 18-hydroxydeoxycorticosterone.2S
Macchi and Wyman26 also observed a decreased capacity for corti-
costerone synthesis in response to ACTH by adrenal regenerates and
Masson, Koritz and Peron 27 have reported reduced amounts of corti-
costerone in adrenal vein blood of animals with adrenal regeneration
hypertension. Mitochondria isolated from regenerating tissue have a
reduced capacity for converting exogenous 11-deoxycorticosterone to
corticosterone.28 Deficiency in 11/3-hydroxylation has been demonstrated
further by the accumulation of 11-deoxycorticosterone in the medium
when homogenates of regenerating adrenal cortical tissue have been
incubated in vitro with added progesterone as substrate.5 It has been
postulated that a defect in the NADPH generating system of mito¬
chondria is responsible for this abnormality, since addition of NADPH
to the incubation system corrects the abnormal metabolism and brings
about normalization of the end products.28'29

In view of these observations, the suggestion has been made 30 that
the mitochondrial block in 11/3-hydroxylation may result in increased
production of 11-deoxycorticosterone in vivo sufficient to initiate the
hypertensive process. Indeed, administration of exogenous deoxycorti¬
costerone is known to produce a hypertensive syndrome in uninephrec¬
tomized rats drinking 1% saline which is indistinguishable from that
which develops in rats bearing regenerating adrenals.31

Alternatively, some of the changes in mitochondria of regenerates are
similar to those reported following cell injury. Viragh and Bartok 32
observed small numbers of short cristae in liver mitochondria at 24 In-
after partial hepatectomy. Autolysis in vitro for 1 hr also produced
decreased numbers of cristae in liver mitochondria.33-34 Furthermore,
the reduction in number of cristae may occur by incorporation of cristae
into the inner membrane of swollen mitochondria. Malamed 35 has sug¬
gested a similar mechanism for loss of cristae during swelling of isolated
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mitochondria. Mechanical injury during the enucleation procedure and
the subsequent anoxia induced by disturbance of the blood supply may
well have caused swelling of mitochondria in the newly regenerating
cortical tissue but this mechanism hardly can be invoked as an explana¬
tion of mitochondrial changes during the intermediate period of regen¬
eration.

Vesicular and dilated endoplasmic reticulum observed at early times
during regeneration are thought to be a reaction of the adrenocortical
cells to injury sustained during the procedure of enucleation and sub¬
sequent conditions of anoxia before revascularization of the adrenal is
completed. Vesiculation is not regarded as an artifact of fixation since
the endoplasmic reticulum in control adrenal tissue processed simul¬
taneously was not dilated. Similar changes in the endoplasmic reticulum
of rat liver have been produced by X-irradiation,36 carbon tetra¬
chloride,37 autolysis,33,34 hypoxia,38 and partial hepatectomy.32 The im¬
portance of this alteration with regard to the steroid producing function
of the regenerating adrenal glands is most difficult to assess since dilated
endoplasmic reticulum is seen infrequently after one week.

Another ultrastructural change at early periods of regeneration was
the replacement of lipid droplets by large, highly osmiophilic structures.
Penney, Fatt and Dixon 8 also observed such osmiophilic structures in
intramuscular adrenal 'regenerates. However, these investigators em¬
ployed osmic acid fixation in which lipid appears dark. In contrast, the
glutaraldehyde used in the present study leaches out some of the lipid
making the subsequent staining of the lipid droplets by osmium
tetroxide less intense. The droplets observed in the present study are
thought to be lipid since frozen sections stained with Sudan Black B
showed spherical structures in these cells. The persistence of dense
material at the periphery of these structures probably indicates that
lipoidal material has resisted extraction by the glutaraldehyde and other
preparative procedures. Reappearance of small lipid droplets which
replaced the large osmiophilic structures may indicate a decreased
functional activity of these cells, since an accumulation of lipid presum¬
ably signifies an inactivity of secretory processes along with a greater
accumulation of precursors for steroid synthesis.39

Five weeks after enucleation the number of vesicular cristae in most

mitochondria of regenerating adrenal cortical cells appeared similar
to those of control glands. Concomitant with this process, homogenates
of regenerating adrenals and preparations of isolated mitochondria
showed better conversion of exogenous progesterone or deoxycorti¬
costerone to corticosterone.5'29
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The presence of increased numbers of dark cells after 5 weeks of
regeneration also suggests that the function of the new-formed adrenal
is being normalized. Eight weeks after enucleation the fine structure of
mitochondria in the zona fasciculata was similar to controls, these mito¬
chondria containing tightly packed vesicular cristae. At this time period
it has been shown that the concentration of cytochrome P-450 in regen¬
erating adrenal mitochondria is normal 29-30 whereas at earlier time
periods the level of this cytochrome, which is involved in steroid
hydroxylations,40 is reduced. The concentration of cytochrome P-450
found in regenerating adrenal mitochondrial appears to be related to
the number of cristae, supporting the concept that this cytochrome and
the steroid hydroxylation system are associated with these inner mito¬
chondrial membranes.

It is noteworthy that after the early period zona glomerulosa cells in
experimental groups appeared similar to those in unoperated animals in
spite of the consumption of 1% saline for as long as 70 days. This ob¬
servation is surprising in view of the report by Deane and Masson 16
that a high level of salt ingestion reduces the width of the zona glomeru¬
losa in uninephrectomized animals. However, it should be noted that no
eleotron microscopic studies have appeared on the structure of the zona
glomerulosa of animals on high salt diets, although such studies have
been reported after salt restriction.22

Summary

Changes in fine structure were observed in regenerating adrenals of
rats under conditions conducive to the development of experimental
hypertension. In the early periods of regeneration before blood pressure
had increased the simple tubular cristae of zona glomerulosa cell
mitochondria changed into vesicular cristae, perhaps due to> the massive
discharge of ACTH which follows uniadrenalectomy and contralateral
adrenal enucleation. Ultrastructural abnormalities were observed in the

regenerating rat adrenal during intermediate periods of regeneration
when the systolic blood pressure was increasing rapidly to above normal
levels. Such abnormalities included reduction in the number of vesicular
cristae in zona fasciculata cell mitochondria and arrangement of these
cristae in a simplified network of interconnecting tubules. Also at this
time, large numbers of light cells were seen in toluidine blue stained
sections. These fight cells were characterized by dilated vesicular
endoplasmic reticulum, irregular nuclei and enlarged abnormal mito¬
chondria. The abnormal ultrastructure of the regenerating adrenal is
thought to be related directly to the biochemical abnormality which
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manifests itself as a decreased ability to form corticosterone and an in¬
creased production of 11-deoxycorticosterone in vitro. In later periods
of regeneration the ultrastructure of the adrenal appeared essentially
normal, concomitant with the return of more normal corticosteroid
biosynthesis.
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Legends for Figures
All ultrathin sections for electron microscopy were stained with methanolic uranyl
acetate and lead citrate; the l-/i light microscopic section in Fig 8 was stained with
toluidine blue.

Fig 1. Zona fasciculata cell from adrenal of control animal 2 days after uninephro-
adrenalectomy. Density of cytoplasm appears electron lucid. These typical zona
fasciculata cell mitochondria (M) are round and contain closely packed cristae, usually
appearing as vesicles. Lipid droplets (L) and tubular segments of smooth endoplasmic
reticulum (AR) are dispersed throughout the cytoplasm. X 9000.

Fig 2. Zona fasciculata ceil from adrenal of control rat 56 days after uninephro-
adrenalectomy. Mitochondria contain vesicular cristae (VC) although these cristae
are sometimes interconnected into system of tubules farrow). Lipid droplets (L)
without discernible limiting membrane are seen throughout cytoplasm. Vesicular
material (V) is sometimes incorporated into matrix of dense bodies presumed to be
lysosomes (LY). X 18,000.
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Fig 3. Portions of two zona glomerulosa cells from adrenal of control rat 70 days
after uninephroadrenalectomy. Mitochondria are round and contain tubular cristae
which frequently show connections with inner mitochondrial membrane. Several lipid
droplets (L) are seen in cytoplasm. Golgi apparatus (G) in upper cell is well de¬
veloped and vesicles (V) can be seen at lateral edge of cisternae. LY, lysosome.
X 9000.

Fig 4. Portions of cell in zona giomerulosa region of regenerate 2 days after
adrenal enucleation. Some cristae appear as vesicles connected to inner mito¬
chondrial membrane (arrow), whereas others form tubular segments (Double arrow).
Smooth endoplasmic reticulum (Afl) is virtually normal. Numerous polysomes (fl)
are dispersed throughout cytoplasm, x 18,000.
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Fig 5. Cortical cell immediately adjacent to capsule at 4 days after adrenal enuclea¬
tion. A non-membrane-limited osmiophilic body with dark peripheral ring (DB) and less
dense core is seen in cytoplasm; this structure is distinct from lysosome (BY).
Mitochondrial cristae appear largely as vesicles, x 19,000.

Fig 6. Portion of several cells in inner region of adrenal cortical regenerate 7 days
after enucleation. Numerous vesicles of smooth endoplasmic reticulum (AR) are seen
throughout cytoplasm. Little rough endoplasmic reticulum is present, although cells
contain abundant polysomes (fl). Cristae of mitochodria are predominantly vesicular
although number of these cristae is reduced as compared to those in mitochondria
of control fasciculata adrenal cortical cells at same time interval. LY, lysosome; DB,
dense body, x 9000.
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Fig 7. Typical zona glomerulosa cell now seen after 7 days in outer zone of adrenal
regenerate. Mitochondria are elongated and contain tubular cristae frequently con¬
nected to inner mitochondrial membrane (arrow). One mitochondrion contains
amorphous, electron dense structure (DB) whose significance is unknown. Numerous
lysosomes (Z.Y) containing a crystalloid material are seen in cytoplasm. X 24,000.

Fig 8. Light micrograph of 1-micron thick toluidine blue stained section of 10-day
adrenal regenerate. Cells with light cytoplasm (LC) containing densely packed vacuolar
structures are seen interspersed among darkly staining cells (DC). Nuclei (A/) in
light cells stain consistently darker than those in adjacent dark cells, x 1050.
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Fig 9. Electron micrograph of zona fasciculata cells corresponding to light cells seen
in area similar to that shown in previous toluidine blue stained section. In these cells
enlarged mitochondria (M) with few cristae and electron lucid matrix correspond to
vacuoles seen by light microscopy. Other characteristics include dilated, vesicular
endoplasmic reticulum (AR), irregularly shaped nucleus (N), and electron dense
cytoplasmic bodies (DB) scattered throughout the cytoplasm, x 12,150.

Fig 10. Electron micrograph of zona fasciculata cell corresponding to dark cells seen
in toluidine blue stained section. Mitochondria in this cell are less closely packed
than those seen in light cells. This cell contains numerous tubules and vesicles of
smooth endoplasmic reticulum (AR). Moderate number of lipid droplets (L) are
present in cytoplasm. Number of vesicular cristae in mitochondria appears greater
than at previous times. Many of these cristae can be seen forming interconnecting
networks of tubules (arrow), x 18,000.
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Fig 11. Dark zona fasciculata cells from adrenal which has regenerated for 10 days.
Many mitochondrial cristae in these cells are located peripherally and appear to be
continuous with inner mitochondrial membrane (arrow). Endoplasmic reticulum (AR)
is vesicular and dilated. Ft, polyribosomes; CM, cell membranes; TC, tubular cristae;
LY, lysosome. x 22,000.

Fig 12. Dark zona fasciculata cell in 35-day adrenal regenerate. Most mitochondria
contain nearly normal number of vesicular cristae, although some mitochondria are
small and have few cristae (arrow). Endoplasmic reticulum is predominantly smooth
surfaced (AR). Lysosomes can be seen in cytoplasm (LY). x 18,000.
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Fig 13. Zona fasciculata cells from adrenal which has regenerated for 56 days. Giant
spherical mitochondrion (M) is seen at center of micrograph. Cristae are almost all
vesicular in type (VC). (G), Golgi apparatus, x 18,000.

Fig 14. Zona fasciculata cell after 70 days of adrenal cortical regeneration. Numerous
tubules of smooth endoplasmic reticulum (Afl) are seen near cell membrane.
X 18,000.
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Fig 15. Zona glomerulosa cell from 56 day adrenal regenerate. Numerous lipid
droplets (L) almost fill entire cell cytoplasm. Mitochondrial cristae are similar in
appearance to those seen in zona glomerulosa cells of control animals. (BM), base¬
ment membrane. X 9000.
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Cholesterol side-chain cleavage has been studied in intact adrenal mitochondria from rats
subjected to stress by ether anaesthesia as a means of raising the plasma adrenocorticotrophin
levels. Control rats were either injected with cycloheximide or kept in a quiescent state. After
initiation of cholesterol side,-chain- cleavage by addition of isocitrate, pregnenolone formation
from endogenous cholesterol in intact rat-adrenal mitochondria follows a biphasic time-course

. of formation with an initial rapid phase lasting 3—5 rain followed by a much slower rate of forma¬
tion.

Pregnenolone formation from [4-14C]cholesteroI is linear if the tracer substrate is added to the
mitochondria together with isocitrate. Preincubation of the mitochondria with [4-KC]cholesteroI
prior to addition of isoc-itrate results in a biphasic [4-14C]pregneiicIcne formation; the rate of the
initial rapid phase depending on the duration of preincubation.

The effect of stress is to increase 2—3 times the rate of pregnenolone formation in the initial
phase compared to the rates observed in mitochondria from quiescent or cycloheximide-treated
rats. •

Depletion of cholesterol from adrenal mitochondria follows a similar pattern to pregnenolone
formation, but the initial cholesterol content of the mitochondria is not affected by the pre-'
treatrnent. -

On the basis of these results it is suggested that only a fraction of the total mitochondrial
cholesterol is readily available for cholesterol'side-chain cleavage a nd that this pool is increased
by stress.

The cytochrome P450 type II spectral changes induced by addition of pregnenolone and iso¬
citrate to the intact rat adrenal mitochondria have also been studied. The effect of stress was to
increase pregnenolone-induced difference spectrum in adrenal mitochondrial two- to three-fold
compared with cycloheximide-treated animals. Similar results were found for the isocitrate-
induced type II difference spectrum.

The spectral changes are interpreted to mean that stress causes an increase in the cholesterol
complex of side-chain cleavage cytochrome P450. Metabolism of the remainder of the cholesterol
in the mitochondria is limited by the rate of transport, or binding, to this reactive centre. It is
proposed that the acute effect of stress, mediated by adrenocorticotrophin, is to increase the pro¬
portion of mitochondrial cholesterol in the readily available form perhaps by an increase in the
rate of transport or binding of cholesterol to sites from which it can be. readily metabolised.

Side-chain cleavage of cholesterol is the first
step in the production of corticosteroids in the adrenal
cortex. The initial products of the reaction are preg¬
nenolone and a six-carbon fragment usually isolated
as isocaproic acid [1J. The scission of the cholesterol

Abbreviations. Cholesterol, 5-ehoIesten-3j?-ol; progester¬
one, 4-pregnene-3,20-dione.

Enzymes. Steroid 3/J-ol dehydrogenase or 3(3-hydroxy-
fitcroid: NAD(P) oxidoreductase (EC 1.1.1.51); steroid
A'—As isoraerase or 3-hetosteroid A1—ff5-isomer?.se (EC
5.3.3.1).

side-chain is thought to involve hydroxylation at
C-20 and C-22 [2,3] but the exact nature and sequence
of formation of intermediates still has to be establish¬
ed [4,5],

In common with other hydroxylases, cholesterol
side-chain cleavage requires NADPH and molecular
oxygen [6]. The enzyme system occurs in the mito¬
chondria of the adrenal cortex [0] as does the steroid
11/5-hyclroxylase and lS-hydroxylase. Cholesterol
side-chain cleavage requires cytochrome IMfsQ [5]
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chromatograms using a Panax thin-layer scanner.
The areas corresponding to pregnenolone and chol¬
esterol were scraped off and the silica gel extracted
twice with 6 ml chloroform—methanol (1:1, by vol.).

Por the pregnenolone assays, the extracts were
taken to dryness and 0.2 ml acetone added followed
by 2.0 ml 0.1 M triethanolamine hydrochloride buffer,
pll 7.3. Aliquots {0.2 ml) were added to 10 ml di-
oxane scintillator and counted in a Packard liquid
scintillation spectrometer. Pregnenolone was mea¬
sured in 1.0 ml aliquots following addition of 1.3 ml
0.1 M triethanolamine hydrochloride buffer and
0.2 ml of a steroid 3/hol dehydrogenase and A'1-—A5
isomeraso preparation. The conversion of pregneno¬
lone to progesterone was initiated by addition of
20 pi of a 50 mg/ml solution of NAD+ ana the forma¬
tion ofNADII observed using a Perkin Elmer MPF2A
spectrofluorimeter attached to a Servoscribe recorder.
The excitation wavelength was 340 nm and the emis¬
sion wavelength 460 nm. The fluorescence change
was quantitated by comparison with pregnenolone
standards.

The steroid 3/?-ol hydrogenase and A*—A5 iso-
merase preparation was obtained by suspending
50 nig of a dried cell preparation of Pseudomonas
tesleroni (Sigma Chemical Co., St. Louis, Missouri)
in 5 ml 20 mM potassium phosphate buffer, pH 7.4.
After 1 h at 5 °C, the suspension was centrifuged at
20000 Xp for 10 min and the supernatant used with¬
out further purification [25].

Aliquots of the cholesterol extracts were taken
for radioactivity measurement and to the remainder
was added 2 pg pregnenolone acetate. The latter
compound .was an internal standard used to correct
for losses/during gas-liquid chromatography. The
extracts were taken to drjmess and dissolved in ace¬
tone. Aliquots of the acetone solutions were injected
into a 5-foot column consisting of 1 °/0 SE-30 as
stationary phase with Gas Chrom Q as column
support. The gas chroinatograph used was a Pye 104
fitted with a flame ionization detector. High purity
nitrogen led through a molecular sieve was used as
carrier gas at a pressure of 30 lb/in8. The column
temperature was kept at 250 °C. The retention time
of pregnenolone acetato was 9 min and of cholesterol
was 20 min. The mass of cholesterol was calculated
using the peak heights of the cholesterol and pregnen¬
olone acetate and a calibration curve was constructed
from known ratios of these compounds. Losses prior
to gas chromatography were calculated from the
radioactivity assay.

Difference spectra were obtained using an Aminco
Chance split-beam dual wavelength spectrophoto¬
meter. For tho pregnenolone difference spectra, the
steroid was added at a concentration of 12.5 pM in
ethanol. This was sufficient to saturato the binding
sites. Cyanoketono (1 pM) was also added to inhibit
3/1-ol dehydrogenase activity. This quantity of cyano-

ketone produced a typo IT difference spectrum which
was about 10°/0 of the spectral change induced by
pregnenolone. This was not observed if excess preg¬
nenolone was added first. This type II change was
included in the estimate of type II difference spectra
induced by pregnenolone. All radioactive steroids
were purchased from the Radiochemical Centre
(Amersham) and purified by thin-layer chromatog¬
raphy on silica gel before use. Ethanol, methanol,
acetone and diisopropyl ether were redistilled beforo
use. Cyanoketone was a gift of Dr J. L. McCarthy
(Southern Methodist University, Dallas, Texas).

Mitochondrial protein concentration was estimat¬
ed by the method of Lowry at al. [26].

RESULTS

The time-course of [4-14C]prcgnenolone formation '
from [4-1'1C]cholesterol as a function of preincubation
time is shown in Fig. 1. Mitochondria were preincu-
hated with [4-HC]cholesterol for the times'.indicated
and cholesterol side-chain cleavage initiated by the
addition of isocitrate. Cyanoketone was present from
the start of the incubation to prevent further
metabolism of pregnenolone by the action of steroid
3/5-ol dehydrogenase.

When [4-1,JC]eholesteroI and isocitrate were added
simultaneously, side-chain cleavage of the tracer
substrate was linear up to 20 min of incubation.
However, when the mitochondria were preincubated
with the radioactive cholesterol for 5 min prior to

/ addition of isocitrate there was an initial rapid forma¬
tion of [4-14C]prcgnenolone lasting 5 min, after which
the rate slowed down to that seen when preincubation
had been omitted. When the mitochondria preincu¬
bated for 10 min with [4-14C]cholesterol prior to tho
addition of isocitrate, the initial rapid phase of preg¬
nenolone formation was even more pronounced but
again after 5 min the rate slowed down to that seen
hi the absence of preincubation.

The effect of having cyanokctonc in the incubation
medium is seen in Fig. 2. In the presence of cyano¬
ketone (Fig. 2A) there was no significant formation
of any product other than pregnenolone. When
cyanoketone was omitted (Fig.2B), tho pregnenolone
level reached a plateau after 2 min but there was a
gradual accumulation of a more polar metabolite
which has been tentatively identified as 11/3-hydroxy-
progesterone. Progesterone remained undetectable
throughout. Despite this further metabolism of
pregnenolone, the time-course of cholesterol sido-
chain cleavage (as measured by tho sum of products
formed) was identical to that found when cyano¬
ketono was present (Fig. 2 A).

Tiicso experiments indicate that a suitable system
for the study of cholesterol side-chain cleavage is one
in which radioactive cholesterol is preincubated with
rat adrenal mitochondria and then radioactive and
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total pregnenolone formation measured following
tho addition of isocitrate. Further, by including
cyanokctonq. in the incubation medium, cholesterol
side-chain cleavage activity could be estimated by
the measurement of the single product, pregnenolone.

Cholesterol Side-Chain Cleavage
in Adrenal Mitochondria from Quiescent,

Cycloheximide-Trealeil and Ether-Stressed Rats
Adrenal mitochondria were isolated from three

groups of Spraguc-Dawley rats pretreated as follows.
The first were injected with cycloheximide, the second
were subjected to ether stress and the third group
were kept as quiescent as possible. The mitochondria
were preincubatcd with [4-14G]cholesteroi for 10 min
before addition of isocitrate, and then formation of
pregnenolone from endogenous cholesterol and from
the added tracer cholesterol was determined.

In each group, pregnenolone formation from endo-
geneous precursors followed a biphasie time-course
with an initial rapid phase followed by a much slower
rate of formation (Fig.3A). A similar situation has
previously been reported for bovine adrenal cortex
mitochondria [21,27]. In the case of adrenal rnito-
chrondria from cycloheximide-treated and quiescent
rats, the initial phase of pregnenolone formation was
complete by the time the first sample was taken at
2 min, and the amount of pregnenolone formed was
about double in the adrenal mitochondria from quies¬
cent compared with those from cycloheximide-
treated rats. In the mitochondria from the stressed
rats, over 3 times as much pregnenolone was formed
in tho initial phase a3 in the cycloheximide-treated
group. Tho duration of the initial phase was extended
to about 5 min.

The time-course of [4-14G]pregnenolone formation
in adrenal mitochondrial from the 3 groups of rats
is shown in Fig. 313. The pattern of [4-140]prcgneno-
lono formation was qualitatively similar to that of
pregnenolone formation from endogenous precursors.
The effect of stress was to accelerate the initial rapid
phase of pregnenolone production. Essentially the
same results were obtained with rats of the Wistar
strain except that in this case there was ho difference
in pregnenolone formation from quiescent and cyclo¬
heximide-treated rats.

The depletion of cholesterol in adrenal mitochon¬
dria from the three groups is shown in Fig. 4. The
initial cholesterol levels were quite similar in all three
groups; however, the greatest drop in cholesterol
content occurred in the adrenal mitochondria from
stressed rats. This corresponded to the increased
pregnenolone formation in these mitochondria.

These, observations are consistent with one effect
of stress (adrenocortiootrophm) being to increase
pregnenolone formation from cholesterol. Confirma¬
tion of this was obtained in several experiments
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Table 3.- Prcgncnolonc-induccd difference spectra observed
using rat adrenal mitochondria

Values aro 10' X change in absorbnnce at 420—390 nm per
mg protein

10* X nbsorbance change in
Experiment Stressed

rats
Cyclohexlmido-

trcated rats

ltatio stressed/ '
cyclohcxlmide-

trcatcd

4.4/mg

1 17 10 1.7
. 2 17 8 2.1

3 16 7 2.3
4 17 10 1.7
5 16 7 2.3
6 15 0 2.5
7 " 15 7 2.1

Mean 16.2 7.7 2.11
S.D. 0.44 0.65 0.25 •

0.02

0.01

-0-.01 •

-0.02
380 420 460 500

Wavelength (nm)
540 580

Table 4. Effect of. added pregnenolone on side-chain cleavage
of [4-^C]cholesterol in intact rat-adrenal mitochondria

Mitochondria wcro pre-incubated with [4-"C]cholestcrol
for 10 mill prior to addition of isocitrnte and pregnenolone.

Other conditions as in Methods

Pregnenolone* added Conversion Inhibition

rM '/.

0 37 0
5 35 6

15 27 27
50 13 64

Pig.B. Isocilratc-induced difference spectrum of rat adrenal
mitochondria. Eotenone (3 |ig/ml) was added to both cuvettes
and isocitrato (6.6 mM) added to the sample cuvette.

, Mitochondria from stressed rats; —•—, mitochondria
from cyclohoximide-treated rats. Mitochondrial protein
concentrations were: stressed, 1.2 nig/ml; cyeloheximide-

treated, 0.9 mg/ml

was made of the pregnenolone-induced type II differ¬
ence spectrum in adrenal mitochondria from stressed
and cyclohcximide-treated rats. As shown in Table 3,
the ratio of the pregnenolone-induced absorbanco
change indicated a ratio of 2.16 ± 0.25 for stressed
compared with cycloheximide-treated rats. This was
regardless of strain. No difference was observed
between mitochondria from cyclobeximide-treated
and quiescent rats of the Wistar strain regarding the
magnitude of the pregnenolone-induced absorbanco
change. However in the Sprngue-Dawley strain,
quiescent rats gave intermediate values between
those of stressed and cycloheximide-treated rats, i.e.
a ratio for the pregnenolone-induced absorbanco
change of 1.4—1.6 for stressed compared with quies¬
cent rats.

Addition of isocitrate to rat adrenal mitochondria
in the presence of rotononc resulted in the formation of
a typo II difference spectrum (Fig. 5). In addition, the
appearance of a band at 556 nm in the difference "spec¬
trum indicated the reduction of a b-type cytochrome
despite the presence of rotenone. Both these phe¬
nomena have been reported previously to occur on ad¬
dition of malate to bovine adrenal mitochondria [21],
•The contribution from the type II spectral change was
two to three times as large in adrenal mitochondria
from stressed rats as from cyclohoximide-treated
rats, depending on the preparation. Thus the effect
of stress upon the typo II changes induced by iso¬
citrate and by pregnenolone was similar. By contrast,
stress treatment had no effect on the reduced carbon
monoxidedifference spectrum, nor upon the type I
difference spectrum induced by the 11/3-hydroxylase
substrate, 11-deoxycorticosterone.

Inhibition by Pregnenolone, of Cholesterol Side-Chain
Cleavage

Table 4 shows the effect of added pregnenolone
on the side-chain cleavage of [4-11C]cholesterol.
Cyanoketone was present and the incubations were
terminated after 5 min. The data show that low con¬

centrations ofpregnenolone (5—15 phi) only marginal¬
ly inhibited cholesterol side-chain cleavage. The con¬
centration of pregnenolone required to give 60°/o in¬
hibition of cholesterol side-chain cleavage was esti¬
mated to be about 35 pM.

Effect of Ether Stress
on Rat-Adrenal Steroid 1Iff-Hydroxylase Activity

11/WIydroxylation of added 11-deoxycortico¬
sterone was compared in adrenal mitochondria iso¬
lated from rats treated with cycloheximido and in
rats given the standard ether stress. The results in
Fig. 6 show that there was essentially no difference in
the rate of 1 i/?-hydroxylation in adrenal mitochondria
from the two groups of rats.

30*
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Fig. 6. llfi-IIydroxylalion of deoxycorticosterone in intact
mitochondria. 100 jrM deoxycorticosterone was added, and
then lt/?-hydroxylation initiated by addition of isocitrato.
o, Stressed; O, cyclo'neximide-treated. Mitochondrial protein
concentrations were: stressed, 1.4 mg/ml; cycloheximido-

treated, 1.3 mg/ml

DISCUSSION

The experiments decribed here have shown that
in isolated intact rat adrenal mitochondria incubated
with isocitrate, pregnenolone formation from endo¬
genous cholesterol follows a biphasio course with an
initial rapid phase lasting 2—5 min followed by a
much slower rate of formation (Fig. 3). A similar
time-course of pregnenolone formation lias been ob¬
served in bovine adrenal cortex mitochondria incubat¬
ed with lnalato [21,27]. Corticosterone formation in
a system consisting of rat adrenal mitochondria
plus microsomes also follows a similar time-course
[28]."

A biphasic rate of formation of pregnenolone such
as this can be explained in two ways: either the prod¬
uct accumulates and inhibits the reaction, or else
the rate slows down due to depletion of substrate.
Koritz and Kumar [28] have advanced the hypothe¬
sis that the rate of cholesterol side-chain cleavage is
controlled by feedback inhibition by the product,
pregnenolone. The action of adrenocorticotrophin is
considered to result in increased efflux of pregneno¬
lone from the mitochondria, thus releasing the in¬
hibition.

The results obtained in this present study show
that in the presence of cyanoketone, pregnenolone
accumulates in the mitochondria yet the time-courso
of cholesterol side-chain cleavage is identical to that
obtained in the absence of cyanoketone where mito¬
chondrial pregnenolone levels are lower due to further
metabolism. Thus the rate of cholesterol side-chain

cleavage docs not apparently depend on the amount
of pregnenolone which accumulates in the mito¬
chondria. Farese [29] has readied a similar conclusion
using whole homogenates of rat adrenals. Furthermore
the amount of pregnenolone present in freshly isolat¬
ed adrenal mitochondria from stressed rats is greater
than that observed in the adrenal mitochondria from

cycloheximidc-treated rats (0.2 nmol per mg protein,
compared with values less than 0.05 nniol per mg
protein), despite an elevated cholesterol side-chain
cleavage activity. Similar findings have been reported
for guinea-pig adrenal mitochondria [30]. These
observations would be difficult to explain by a hypo¬
thesis that adrenocorticotrophin increases the easo
of exit of pregnenolone from adrenal mitochondria. It
is also worth noting that added pregnenolone is not a
sufficiently potent inhibitor of cholesterol side-chain
cleavage to explain the time-course of pregnenolone
formation. Approximately 35 pM pregnenolone is
required for 50 °/0 inhibition of cholesterol side-chain
cleavage (Table 4), whereas the maximum amount
of pregnenolone formed in the rapid phase has not
been observed to exceed 8 pM in mitochondria from
stressed rats. Under the experimental conditions
operative in this study it seems unlikely therefore
that product inhibition of cholesterol side-chain
cleavage by pregnenolone is an adequate explanation
of the decrease in the rate of pregnenolone formation
in isolated adrenal mitochondria after 2—5 min of
incubation.

An alternative explanation for the biphasic time-
course of pregnenolone formation is that the mito¬
chondria become depleted of endogenous cholesterol,
and pregnenolone formation decreases because of
lack of! substrate. However, an examination of the
pattern1 of cholesterol depletion shows that this is
not the case (Fig.4). Although the rate of cholesterol
depletion slowed down corresponding to the decreased
rate of pregnenolone . formation, there were still
appreciable levels present at this time. Thus depletion
of the total cholesterol pool would not .appear to bo
the explanation of the slowing down of cholesterol
side-chain cleavage.

An alternative hypothesis is that only a fraction
of the total cholesterol in the rat adrenal mitochon¬
dria is available for side-chain cleavage. When this
pool of available cholesterol is depleted, the rate of
side-chain cleavage is dependent on the mobilisation
of cholesterol from other mitochondrial sites, which
is the rate-limiting process [21]. This concept is
supported by the data of Fig. 1. In the absence of
preincubation, the conversion of tracer [4-14C]chol-
estcrol to [4-HC]pregnenolono is linear with time,
unlike the biphasic time-courso of pregnenolone for¬
mation from endogenous cholesterol. However, pre¬
incubation of the adrenal mitochondria with [4-HC]-
cholcsterol prior to the addition of isocitrate resulted
in a biphasic conversion of tho tracer cholesterol and
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the magnitude of the initial rapid phase was depen¬
dent upon the duration of tlio preincubation. This
result can be most readily explained by assuming
that the rate of side-chain cleavage of added tracer
cholesterol is limited by the rate at which it is trans¬
ported or bound to a site from which it can bo readily
metabolised.

In rats which have boon ether-stressed in order to
raise their blood adrenocorticotrophin levels, there
was an increase in the rate of pregnenolone formation
from endogenous cholesterol. This effect was mainly
upon the initial rapid phase of cholesterol side-chain
cleavage, while there was no appreciable increase in
adrenal mitochondrial cholesterol levels. This suggest
that one action of adrenocorticotrophin is to affect the
distribution of cholesterol within the mitochondria
in such a way that more can react with side-chain
cleavage cytochrome P450.

The concept that stress causes a change in the
relationship between mitochondrial cholesterol and
side-chain cleavage cytochrome P450 is supported
by the changes observed in the pregnenolone difference
spectra. The addition of pregnenolone to cholesterol

"side-chain cleavage cytochrome\P450 causes the high-
spin form to change to a low-spin form [16]. Conse¬
quently the magnitude of the type II difference
spectrum produced by saturating amounts of preg¬
nenolone is proportional to the amount of high-spin
side-chain cleavage cytochrome P450.

The cytochrome P450 which has been isolated
from Psaudomonas putida adopts a high-spin state
only when complexed by the substrate camphor
[18,10]. It has been suggested that side-chain cleav¬
age cytochrome P450 is present in a high-spin state
in adrenal mitochondria and in certain solubilised

preparations [15] due to a complex with cholesterol
[16,20]. Thus in preparations of low cholesterol
content [20] or where cholesterol has been partially
metabolised [21], added cholesterol produces a type I
difference spectrum, signifying a change ofuncomplex-
cd low-spin side-chain cleavage cytochrome P450
to-a high-spin state. The type II spectrum produced
by pregnenolone probably results from a displace¬
ment ofcholesterol from its binding site [20] and there¬
fore provides a measures of the proportion of side-
chain cleavage cytochrome P450 which is in the form
of a high-spin cholesterol complex.

It has been previously suggested that in the bo¬
vine adrenal cortex mitochondria supplied with
malatc the initial rapid phase of pregnenolone for¬
mation results from metabolism of cholesterol asso¬

ciated with the side-chain cleavage cytochrome P450
[21]. The correlation between the increase in high-
spin complex and the increase of cholesterol side-
chain cleavage in adrenal mitochondria from stressed
rats compared with cycloheximide-treated or quies¬
cent rats suggests that adrenocorticotrophin in vivo
activates side-chain cleavage in these mitochondria

by increasing the proportion of this complex. In the
case of Pseudomonas pulida cytochrome P450 the
high-spin substrate complex appears to be an essen¬
tial intermediate in the hydroxylation cycle [31].
Formation of a high-spin complex raises the redox
potential by 100 mV and thus greatly facilitates
reduction [IS].

Further support for this correlation was obtained
from experiments with adrenal mitochondria from
quiescent rats. The pregnenolone difference spectra
in adrenal mitochondria from quiescent and cyelo-
heximidc-trcatcd female Wislar rats were indistin¬
guishable, while for female Sprague-Dawley rats a

, cycloheximide treatment lowered the difference
j spectrum 30—40% compared with quiescence. An
increase in pregnenolone formation was correspond¬
ingly found for adrenal mitochondria from quiescent
Sprague-Dawley rats compared to those treated with
cyclohcximide (Fig. 3), which was not observed in
Wistar rats. Thus there is a clear relationship be¬
tween the content of high-spin cytochrome P450
side-chain cleavage and the sidc-chain cleavage
activity. -

The type II difference spectrum induced by iso-
citrate is probably the result of oxidation of substrate
cholesterol from the reactive pool [21]. The remaining
mitochondrial cholesterol combines with side-chain
cleavage cytochrome P450 more slowly than it is
oxidised in the high-spin complex. The two-fold
increase in the magnitude of this difference spectrum
in adrenal mitochondria from stressed rats (Fig. o)
compared with cyoloheximide-treated rats again.
indicates an increase in the proportion of side-chain
cleavage cytochrome P450 complexed to cholesterol
after this stress treatment.

The simplest explanation of these findings is
that in the intact adrenal gland the adrenocortico-
.trophin signal results in an increase in that fraction
of the mitochondrial cholesterol which is in a reactive

complex with cytochrome P450, perhaps due to an
increase in the transport or binding of cholesterol to
the side-chain cleavage cytochrome P450 from other
intramitochondrial binding sites. In vivo or in the
isolated adrenal mitochondria, this means that more
cholesterol is available for side-chain cleavage.
Since the effect of adrenocorticotrophin is blocked
by cycloheximide within minutes of administration
of the inhibitor (Table 1) [11], some labile protein
factor [32] synthesiser! in response to ndrenocortico-
trophin may be involved in the transport or binding
of cholesterol to side-chain cleavage cytochrome
P450. Presumably adrenocorticotrophin stimulation
also results in mobilisation of extramitoehondrial
cholesterol from cytoplasmic cholesterol esters, [32]
to meet the continuing needs of steroidogenesis.

This work was supported by a Group grant from the'
Jlcdical Research Council, and by U.S. Public Health
Service grant HE O(397o to A.C.P>.
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Introduction

Three key mixed function oxidations in adrenal steroidogenesis require mito¬
chondrial cytochrome P-450; these are cholesterol side-chain cleavage1 and
steroid 18- and ll/J-hydroxylation.2,43 Spectral evidence provided by the specific
binding of steroids3 and amines4 has indicated the presence of distinct P-450
cytochromes in adrenal mitochondria. A partial separation has been achieved
from bovine adrenal mitochondria of P-450 cytochromes, which are distinguished
by specific spectral properties6 and which show appreciable selectivity for either
1 l/?-hydroxyIation or side-chain cleavage. Different procedures have subse¬
quently been used to produce similar separations of binding properties and oxi¬
dase activities.6,7

Optical and EPR spectra have proved invaluable techniques in the investiga¬
tion of P-450 cytochromes. A Type I difference spectrum (Am« 385, A„„„ 420 nm)
characterizes the change from oxidized free enzyme to the enzyme substrate
complex, while other ligands can produce the reverse transition (Type II differ¬
ence spectrum, Am,„ 385, AmaI 420 nm). EPR spectra have shown that the former
corresponds to a transition between a low-spin and a high-spin state of the heme
and that the latter corresponds to a high- to low-spin transition.8 A third type of
spectral change is produced when certain amines convert both high- and low-spin
forms of cytochrome P-450 to an amine complex that exhibits a characteristic
low-spin EPR spectrum.4 The amine difference spectrum depends upon the initial
proportion of high- and low-spin P-450 hemes and has been used to determine
the spin state of cytochrome P-450.4

The activation of cholesterol side-chain cleavage by the action of ACTH is a
key step in the stimulation of corticosteroid formation in the adrenal cortex.9
This paper will describe efforts to determine the effect of ACTH upon the cyto¬
chrome P-450 in adrenal mitochondria that is involved in this conversion.

* Present address: Department of Biochemistry, University of Wisconsin, Madison,
Wisconsin 53706.
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Results and Discussion

Properties of Bovine Adrenal Mitochondrial P-450 Cytochromes
The Type I binding by deoxycorticosterone (DOC) and the Type II binding

by 3/?-ol, A-5 steroids involve distinct cytochrome P-450 sites in adrenal mito¬
chondria.3 Similarly, amines preferentially interact with a low-spin form of cyto¬
chrome P-450. Partial separation of 11 /^-hydroxylase and cholesterol side-chain
cleavage activities paralleled a partial separation of these spectral properties. One
fraction has mainly side-chain cleavage activity, Type II steroid binding, and
Type Ha amine binding (Table 1). In a second fraction, which has predominantly
1 l/?-hydroxylase activity, the DOC Type I difference spectrum appreciably ex¬
ceeds the pregnenolone Type II change, and the amine difference spectrum shows
a marked Type lib character.4 This partial separation of activities and of specific
spectral binding properties strongly suggests that adrenal cortex mitochondria
contain at least two P-450 cytochromes, which are associated respectively with
sterol side-chain cleavage and 11 /?-hydroxylation (designated P-450SCo and
P-450uS) and can be identified by these spectral properties.

Differences in spectral properties have also been observed in the reduced
state of cytochrome P-450. On the separated preparations, metyrapone forms a
complex with cytochrome P-450SCO; this complex has a difference maximum at
446 nm, for which the extinction coefficient decreases with pH. By contrast, the
metyrapone complex of the fraction which contains mostly reduced cytochrome
P-450jj/3 has a maximum difference at 425 nm and only a small contribution at
446 nm. The metyrapone-induced difference spectra of reduced P-450 cyto¬
chromes in bovine adrenal mitochondria have been resolved into these com-

Table 1
Partial Separation of Cytochrome P-450scc and Cytochrome P-450no*

Fraction A Fraction b

Oxidase activities (nmol/min/
nmol P-450) f

DOC-11/3 hydroxylation42
side-chain cleavage f

Spectral ratio
Type I (DOC): Type II (PREG)

Aminoglutethimide difference
spectrum (oxidized P-450)

Metyrapone difference spectrum
(reduced P-450)

24
6

3.5:1
^max 428 nm
^•min 400 nm
A425 3> Al46

(AA 425 is insensitive
to pH)

3
20

1:17 §
X„ai 425 nm
Xmin 390 nm
A446 A425

(AA446 decreases with
pH)

* Separations were carried out as described by Jefcoate et a!.,6 except that soni-
cation, ammonium sulfate fractionation, and dialysis steps were carried out under
N2 and with 0.1 mM dithiothreotol present. Fraction A represents 20-27% ammonium
sulfate cut; Fraction B was obtained from 35-50% ammonium sulfate cut by (1) 12
hours' dialysis against 10 mM potassium phosphate buffer (pH 7.0), and (2) 45 min
centrifugation at 105,000 X g• The supernatant was used for Fraction B.

t The oxidase was reconstituted with an NADPH generator and sufficient crude
"P-450 reductase" 6 to give maximal hydroxylase activities with 0.2 mM cytochrome
P-450.

J This was measured by the conversion of 26-hydroxycholesterol (50 ^M) to
pregnenolone;32 5 mM glutathione was added.

§ When DOC was added after pregnenolone, a Type I response was obtained.
When it was added alone, there was a Type II response.6,7
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ponent spectra. Therefore metyrapone-reduced cytochrome P-450 complexes in
adrenal mitochondria differ somewhat from those described for cytochrome
P-450 from liver microsomes3" and Pseudomonas putida.10

Mitani and Horie11 first showed that the spin state of adrenal mitochondrial
cytochrome P-450 was sensitive to pH changes. After partial separation of the
mitochondrial P-450 cytochromes, it is clear that there is a reversible change
from high to low spin with increasing pH, which is due specifically to cytochrome
P-450aoc-12 Consequently the Type II difference spectrum obtained by addition of
MAD to cytochrome P-450Sco decreases with an increase in pH. The low-spin
form of cytochrome P-450SOc favored at higher pHs is converted back to a high-
spin state by 20a, 22R-dihydroxycholesterol. The Type I difference spectrum
produced by 20a, 22R-dihydroxycholesterol thus increases with an increase in pH
(Figure 1). Although the native high-spin state of cytochrome P-450SCO appears
to be due to the formation of a complex with endogenous cholesterol,14,1B'16 the
pH-induced spin-state transition is not reversed either by cholesterol or by a
soluble substrate 25-hydroxycholesterol. It seems likely that cholesterol remains
associated with cytochrome P-450SOC in the low-spin, high-pH form, as is shown
in the scheme in Figure 1. This suggests that the possible reaction intermediate
20a, 22R-dihydroxycholesterol16 occupies a specific site on cytochrome P-450Sco

Cytochromes P-450Sco and P-450u/) show different reactivities towards the
sulfhydryl reagent p-chloromercuribenzoate (PCMB). The rate of reaction with
cytochrome P-45011(i, as determined by the loss of DOC Type I binding, was
about fifteen times faster than that with cytochrome P-450Scc, as measured by

- 225
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Figure 1. pH Dependence of steroid-induced difference spectra obtained with a

preparation of bovine adrenal cytochrome P-450scc. Each cuvette contained 0.02
cytochrome P-450scc in 0.1 M potassium phosphate buffer; 10 /iM steroid, either 17a-
methyl-androst-5-ene-3,17-diol (MAD) or 20a, 22R dihydroxycholesterol, was added
to the sample cuvette. The scheme represents the possible relationship between various
steroid complexes of cytochrome P-450scc; EiC and E:C are complexes with choles¬
terol, and EP is a complex with a Type II steroid.
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the pregnenolone Type II binding. The conversion of cytochrome P-450 to
cytochrome P-420 by PCMB in whole mitochondria was biphasic, corresponding
to the separate reactions with cytochromes P-450„,s and P-450SCo as indicated
by the loss of steroid difference spectra. When DOC was added before PCMB,
the faster rate of conversion of cytochrome P-450U|S was partially protected
against PCMB relative to the free cytochrome. The low reactivity of cytochrome
P-450Soo is probably partly due to analogous protection by the substrate in the
cholesterol-cytochrome P-450SOO complex. Cytochrome P-450CAM also exhibits
lower reactivity towards PCMB when complexed with the substrate camphor.1'

Differences in the location or mode of attachment to the mitochondrial mem¬

branes of these P-450 cytochromes seem likely, since side-chain cleavage and
11/8-hydroxylase activities are released sequentially by phospholipase A di¬
gestion of bovine adrenal mitochondria.18 We have recently shown that there is a
corresponding differential release of the P-450 cytochromes by phospholipase A;
cytochrome P-450SCc is released seven times faster than cytochrome P-450ttj3.
This observation, when considered with the various fractionation procedures,B,e''
suggests that a cytochrome P-450SOo particle is attached to the inner membrane16
of the mitochondria by relatively weak binding, while cytochrome P-450nlS is a
more integral part of the inner membrane.

Electron Spin Resonance Spectra of Cytochrome P-450soc
The absorption spectrum of the separated cytochrome P-450SCC12 (A.mal 392,

645 nm) is very similar to that of the camphor complex of cytochrome P-450Oah

Figure 2. The EPR spectrum at 14°K of a preparation of bovine adrenal cyto¬
chrome P-450scc (20 nmol/ml in 0.1 M potassium phosphate, pH 7.0). The micro¬
wave power was 30 mW, the gain 100, and the protein concentration 21.2 mg/ml.
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LOW FIELD 10 mW HIGH FIELD 300

Magnetic field (gauss)
Figure 3. EPR spectra at 14°K of a preparation of bovine adrenal cytochrome

P-450scc (10 nmol/ml in 20 mM potassium phosphate, pH 7.0), and of the complexes
formed with 20a-hydroxycholesterol (50 /jM) and aminoglutethimide (0.2 mM). The
low-field region around g = 8 (power 10 mW) and the high-field region around g = 2
(power 300 /iW) are represented.

from Pseudomonas putida.10 These bands fall within the range expected for a
high-spin hemoprotein, but a shoulder at 415 nm suggests that a proportion of
low-spin hemoprotein is present. The EPR spectrum at 14°K exhibits both high-
spin (g = 8.0, 3.5, 1.8) and low-spin cytochrome P-450 components (Figure 2).
The integration of these signals at microwave powers below saturation (Figure
3) indicates 75% high-spin and 25% low-spin cytochrome P-450, which com¬
pares closely with the proportion found in the camphor complex of cytochrome
P-450O4m.20'23 Addition of 20a:-hydroxycholesterol (20a-HOC) not only converts
all of the high-spin complex to a low-spin complex (g = 2.405, 2.24, 1.92) but
also produces a shift in the original low-spin signal, which consequently must also
derive from cytochrome P-450Scc (Figure 3). The inhibitbr aminoglutethimide
completely changes the high-spin complex into a low-spin amine complex.

The binding constant for the interaction of 20a-HOC and adrenal mito¬
chondrial cytochrome P-450SCO was the same whether measured from Type II
optical difference spectra or from changes in the EPR spectra (Figure 4), con¬
firming the results of Whysner and colleagues.8 Titration of the g = 8 signal re¬
veals a residual high-spin species which does not interact with 20«-HOC and
which comprises 10% of the original signal. At high field, 20«-HOC superimposes
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Figure 4. The binding of 20a-hydroxycholesterol to cytochrome P-450Scc in bo¬
vine adrenal mitochondria, as determined by optical difference spectra at 25 °C [AA
(420-390 nm)], and changes in the EPR spectra at 14°K. 20a-Hydroxycholesterol was
first added to a dilute suspension of mitochondrial protein (2.5 mg/ml in 0.25 M su¬
crose, 10 mM Tris-Cl). This is the concentration of steroid referred to in the figure.
This suspension was centrifuged (10,000 X g) and resuspended in 1 ml supernatant.
Difference spectra between each sample and the control [AA (420-390 nm)] were
measured in 1 mm cuvettes before the samples were frozen for the determination of
EPR spectra. Changes in the respective EPR signals relative to the control are used
in the double reciprocal plot.

a low-spin signal (g = 2.405, 2.24, 1.92) with different g-values upon the original
broad, low-spin signal (g = 2.426, 1.91). The addition of DOC after 20«-HOC
removes the broader component of the low-spin signal and increases the residual
high-spin signal. This broad, low-spin signal that is present in the spectrum of
untreated bovine adrenal mitochondria is therefore attributed largely to low-spin
cytochrome P-45011(S.

In Figure 5 we have compared the low-field, high-spin lines of adrenal mito¬
chondria under three conditions; (1) as isolated, (2) with added 20a-HOC (ex¬
panded 4 times), and (3) with added 20a-HOC and DOC. At 90% saturation with
20«-HOC, the residual signal contains a component that broadens the signal tc
high field. The signal from the high-spin DOC complex is shifted 15 G to the
high-field side of the native high-spin signal (DOC complex g = 7.9; native g =
8.05). Consequently, the residual signal after the addition of 20a-HOC to bovine
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Magnetic field (gauss)
Figure 5. A comparison of EPR signals at fields around g — 8, derived from

high-spin P-450 cytochromes in bovine adrenal mitochondria. Center: native mito¬
chondria in 0.25 M sucrose and 10 mM Tris-Cl. Above: the same mitochondria, after
the addition of 20a-hydroxycholesterol (10 nmol/mg protein). The spectrum is ampli¬
fied four times. Below: the same mitochondria after a further addition of DOC (20
nmol/mg protein). The temperature was 14°K, the microwave power 10 mW.

adrenal mitochondria probably arises from the presence of endogenous DOC (or
progesterone) bound to cytochrome P-450U|S. The native high-spin signal derives
90% from the cholesterol complex of cytochrome P-450SCc and 10% from a
small proportion of high-spin cytochrome P-450u/9 -t

Measurement of Spin States from Optical Difference Spectra

Optical difference spectra and EPR spectra provide consistent results for
the binding of a Type II steroid such as 20a-hydroxycholesterol to bovine ad¬
renal mitochondria. We have obtained similar consistency for the binding of

t Cytochrome P-450 involved in steroid 18-hydroxylation could contribute to this
signal.
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suggests that aminoglutethimide interacts with all of the adrenal mitochondrial
cytochrome P-450.

The Effect of ACTH upon Cytochrome P-450 in Adrenal Mitochondria
The work of Stone and Hechter9 and subsequently of Karaboyas and Koritz26

has established that ACTH stimulates steroidogenesis primarily by accelerating
the conversion of cholesterol to pregnenolone. The action of ACTH in accelerat¬
ing this step is mediated by cAMP20 and by the rapid synthesis of essential pro-
tein.27,28 The effect of ACTH action on mitochondrial cytochrome P-450SOo has
been studied by preparing adrenal mitochondria from rats subjected to the fol¬
lowing three pretreatments:

1. ether stress, which raises plasma ACTH levels;29
2. cycloheximide injection, which inhibits ACTH action;28
3. keeping the animals in a quiescent state (low ACTH levels).
Ether stress caused a two- to threefold increase in cholesterol side-chain

cleavage activity in these isolated rat adrenal mitochondria, relative to the ac¬
tivities after cycloheximide or quiescence pretreatments (Figure 7),39 confirming
the observations of Koritz and Kumar.31 The reaction course of side-chain cleav¬

age showed a fast phase lasting about 5 min, followed by an appreciable decrease
in the rate (Figure 7).30 The faster rate probably reflects a pool of reactive choles-

Figure 7. Side-chain cleavage of 25-hydroxycholesterol by rat adrenal mito¬
chondria: (a) shows the total pregnenolone formation, and (b) shows the conversion of
[4-14C]-cholesterol to [4-"C]-pregnenolone. ( ) = In the absence of 25-HOC; ( )
= with 25-HOC (50 /xM), added initially or after 10 min. • = Stressed rats; O = cyclo-
heximide-treated rats. The reaction was initiated with dl-sodium isocitrate (13 mM).
The protein concentration was 1.5 mg/ml, in 0.25 M sucrose, 20 mM KC1, 15 mM
triethanolamine hydrochloride, 10 mM potassium phosphate, and 5 mM MgCh, at pH
7.2.
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terol, while the slower rate arises from the slow rate of transport of cholesterol
to cytochrome P-450SCo from less reactive sites. Ether stress increases both the
initial rate and the amount of reactive cholesterol by a factor of two to three,
while having little effect on the slow phase.

The relatively water-soluble analog of cholesterol 25-hydroxycholesterol
(25-HOC) readily undergoes side-chain cleavage.10 The rate of side-chain cleavage
in rat adrenal mitochondria was independent of pretreatment and was similar
when 25-HOC was added initially or at the end of the rapid phase of cholesterol
side-chain cleavage (Figure 7).32 This has suggested that the biphasic kinetics
and pretreatment effects are specific to cholesterol side-chain cleavage, reflecting
changes in the mitochondrial distribution of cholesterol. It is important to empha¬
size that there was no significant effect of pretreatment upon the total cholesterol
content of these rat adrenal mitochondria, confirming the previous findings of
Garren and colleagues.28

When cytochrome P-450 in these adrenal mitochondria was examined by
the methods outlined above, appreciable effects of pretreatment were observed.
Steroid-induced difference spectra are shown in Table 2. An additional Type I
spectral change was found when 25-HOC was added to intact adrenal mito¬
chondria, which could not be detected with submitochondrial preparations. The
25-HOC Type I spectral change did not change with pH, and has been attributed
to an interaction of 25-HOC with a low-spin cytochrome P-450scc, which is de¬
pleted of cholesterol. Stress did not affect either the 25-HOC or DOC Type I
difference spectra, but did cause a doubling of the pregnenolone Type II differ¬
ence spectrum as compared to cycloheximide treatment (it increased by a factor
of 2.2 ± 0.25 for 10 experiments with female Wistar rats).30 Adrenal mito¬
chondria from quiescent Sprague-Dawley rats generally showed a stimulation of
pregnenolone difference spectra over values obtained after cycloheximide treat-

Table 2
Steroid-Induced Difference Spectra (pH 7.2)

Strain Treat¬
ment

Absorbance Change
AA/mg protein (X 1,000)

±AA (420-390 nm)

Pregnenolone
(Type II)

13 nM

25-HOC
(Type I)
20 /iM

u-DOC
(Type I)

25 mM

AA (450-
490 nm)
RED-CO

Wistar fe¬ S 18 7.5 25.5 68
males C 10 7.5 25.5 68

s 14 10 27 70
c 7 10.5 28

s 12 9 41
c 4.5 45

s 13 6 27 68
Q 8 28

Sprague- s 18 8 39 94
Dawley c 10 9 38 89
females

s 17.5 12
Q 12 12
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Figure 8. The pH dependence of Type II pregnenolone difference spectra ob¬
tained with adrenal mitochondria from rats subjected to stress and cycloheximide pre-
treatments. The pregnenolone concentration was 13 yu-M; the protein concentration
was 0.4 mg/ml, in sucrose buffer (see Figure 7). The results of three experiments were
compared by assigning a value of 100 to the pregnenolone difference spectrum at pH
6.0, obtained with mitochondria from stressed rats, and proportionate values to other
spectra.

ment, whereas spectra from Wistar rats were indistinguishable in this respect.
Exactly the same pattern of results was obtained with cholesterol side-chain
cleavage activities.30

Pregnenolone difference spectra obtained with rat adrenal mitochondria are
sensitive to pH changes, decreasing by a factor of four from a maximum ab-
sorbance change at pH 6.0 to a minimum at pH 8.0 (Figure 8). This change is
due to a pH-dependent spin-state transition associated with the cholesterol com¬
plex of cytochrome P-450SCc, which has been described above for the solubilized
bovine adrenal cytochrome P-450SCc. Since pretreatment has no effect on the pH-
dependence of the spin-state transition, stress must induce an increase in the
proportion of cytochrome P-450scc complexed with cholesterol. This increase
must occur at the expense of a third form of cytochrome P-450SCc that is present
in unstimulated adrenal mitochondria.

Aminoglutethimide difference spectra of adrenal mitochondria isolated from
rats subjected to the three pretreatments indicate a transition from low to high
spin in response to stress (Figure 9). Consequently the third form of cytochrome
P-450SCc that is present in adrenal mitochondria from quiescent or cycloheximide-
treated rats must be a predominantly low-spin form, which is, however, unable to
form a high-spin complex with cholesterol or 25-hydroxycholesterol. According
to the calibration of aminoglutethimide difference spectra for the determination
of spin states, these spectra indicate the presence of 14-15% high-spin cyto¬
chrome P-450 in rat adrenal mitochondria after stress and 8-9% after cyclo-

6 0 6*2 6:4 6 6 6:6 7 0 7 2 7:4 7 6 7:B 8:0
pH
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CVCIOHEXIMIDE TREATED

STRESSED

centration was 0.80 mg/ml in sucrose buffer, at pH 7.2 (see Figure 7). The amino-
glutethimide concentration was 52 <aM.

heximide treatment. Similar figures were obtained by comparing the steroid Type
II and reduced-CO absorbance changes, as described elsewhere.32

EPR spectra of adrenal mitochondria were taken at 14°K after the various
pretreatments of the rats, to provide a direct measurement of the spin state of
cytochrome P-450. Spectra from the adrenal mitochondria of Holtzmann female
rats are shown in Figure 10.33 The g — 8 signal attributed to high-spin cyto¬
chrome P-450scc is three times greater after stress than after cycloheximide pre-
treatment. Adrenal mitochondria from quiescent rats produced a high-spin
signal that was slightly increased compared to that from the adrenal mitochondria
of cycloheximide-treated rats, while a prior ether stress had no effect on the
latter. Integration of these signals confirmed the distribution of high- and low-
spin cytochrome P-450 that had been determined from optical difference spectra.
No stress-induced changes could be detected in the low-spin region. Such changes
would be close to the limit of our experimental accuracy, since the stress-induced
change is only a small proportion of the total low-spin cytochrome P-450. EPR
spectra of adrenal mitochondria from female Holtzmann rats did not permit a
resolution of high-spin signals derived from cytochromes P-450SCc and P-4501J(i,
but this has been achieved with other rats and will be discussed in the accompany¬
ing paper.33

The action of ACTH upon rat adrenal cells results in the conversion of an
additional low-spin form of cytochrome P-450Scc to the reactive cholesterol com-
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&2 6.0 4.3 4.0

Figure 10. Low-field portion of the EPR spectra of adrenal mitochondria ob¬
tained from rats under various conditions. The microwave power was 10 mW, the
temperature 8°K.

plex, and also in a simultaneous and proportionate increase in the mitochondrial
pool of reactive cholesterol. The relationship between these two phenomena can
be explained by a restraint that either affects the interaction of cholesterol with
cytochrome P-450SCc or limits the distribution of cholesterol within unactivated
adrenal mitochondria. The protein factor whose synthesis is induced by ACTH
action and inhibited by cycloheximide may then act in such a way as to remove
the restraint. The various forms of cytochrome P-450 that can be detected in
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Figure 11. A diagrammatic representation of the different forms of cytochrome
P-450 in intact adrenal mitochondria.

adrenal mitochondria and the effect of ACTH action are summarized in Figure
11.

The Effect of Changes in Mitochondrial Configuration upon Cytochrome P-450
The relative proportions of these forms of cytochrome P-450SOc can be

changed either by ultrasonic disruption of the mitochondria into small vesicles
or by producing mitochondrial swelling by the addition of calcium ions. Either
mild sonication or the simultaneous presence of calcium and phosphate ions
induces a large increase in the Type II difference spectra obtained with rat ad¬
renal mitochondria from cycloheximide-treated rats or quiescent rats, and a much
smaller change with adrenal mitochondria from stressed rats (Table 3). The Type
II difference spectra obtained in this way are then independent of the pretreat-
ment of the rats. At the same time, there is an almost total loss of the 25-HOC
Type I difference spectrum, while the DOC Type I difference spectrum is scarcely
affected. If phosphate ions are omitted from the medium, the changes in the Type
II and 25-HOC Type I difference spectra are much smaller, even though some
mitochondrial swelling still occurs.36 The changes in the ultrastructure of the
adrenal mitochondria that are brought about by sonication of Ca++ uptake seem
to cause a significant redistribution of mitochondrial cholesterol, so that both
cholesterol-depleted and "restrained" low-spin forms of cytochrome P-450Scc
combine with cholesterol.

Sonication and calcium ion treatment of the adrenal mitochondria have
different effects upon the side-chain cleavage kinetics. After sonication, the
initial rate of cholesterol side-chain cleavage is no longer sensitive to the pretreat-
ment of the rats. For rat adrenal mitochondria, with calcium and phosphate ions
present, the effect of stress is apparent in the rate of cholesterol side-chain cleavage
but not in the Type II difference spectrum.3' Evidently after swelling has been
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Table 3
Effect of Calcium Ions and Sonication on Steroid Binding

Spectra in Rat Adrenal Mitochondria

Treatment
Spectral Changes

AA (390-420 nm)/mg protein (X 101)
in vitro Pregnenolone

Type II
25-HOC
Type I

ExperimentT:
in vivo pretreat¬

ment

stress cyclohexi-
mide stress cyclohexi-

mide

none

Ca++
Ca++, PO43-

7.6
7.6

12.3

4.0
5.1

11.3

4.1
2.8
0.0

4.2
2.4
0.0

Experiment 2:
in vivo pretreat¬

ment

stress quiet stress quiet

none
sonication

13.0
11.0

7.0
10.5

6
2.5

6
2

induced by Ca++, those factors that control the proportion of cholesterol-cyto-
chrome P-450SOo complex have been uncoupled from other factors that are still
operating to control the rate of cholesterol side-chain cleavage.

In the biosynthesis of cholesterol, enzyme reactions that involve water-insolu¬
ble substrates are frequently controlled by the presence of proteins that can bind
the substrate.38,39 Ungar and colleagues40 recently provided evidence that there is
such a protein in adrenal mitochondria, which can activate cholesterol side-chain
cleavage.30 By using similar procedures, we have isolated a protein fraction from
bovine adrenal mitochondria which, when added to intact adrenal mitochondria
from cycloheximide-treated rats, specifically doubles the Type II difference
spectrum. However, the effect upon the rate of side-chain cleavage was erratic.

The spectral properties of cytochrome P-450 in the mitochondria isolated
from sheep corpora lutea,41 rat ovaries,44 and rat testes46 show similarities to the
spectral properties of cytochrome P-450sco from adrenal mitochondria (Figure
12). In each case, however, there is no DOC Type I difference spectrum; this
presumably results from an absence of cytochrome P-45Ou0. The pregnenolone
Type II absorbance change after sonication suggests that in each case cytochrome
P-450gCo accounts for nearly all of the mitochondrial cytochrome P-450. Cyclo-
heximide treatment of superovulated rats also produces simultaneous decreases in
the Type II difference spectra and the cholesterol side-chain cleavage activity
obtained with isolated ovarian mitochondria." In addition, ovarian mitochondria
have a high proportion of cytochrome P-450SCc in the cholesterol-depleted form
that combines with 25-HOC. It seems likely, therefore, that the control of cho¬
lesterol side-chain cleavage and cytochrome P-450SCc in these other tissues is simi¬
lar to that described for the adrenal cortex.

The cholesterol levels in the isolated adrenal mitochondria represent steady-
state levels produced by a balance between the influx of cholesterol into the
mitochondria and the loss of cholesterol caused by metabolism. Since the total
cholesterol content of isolated adrenal mitochondria is not significantly changed
by stress, the rate of influx of cholesterol into adrenal mitochondria in vivo must
also be increased by stress pretreatment, to compensate for the enhanced rate
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Figure 12. Cytochrome P-450scc in other steroid-producing tissues: pH depend¬
ence of the spin state and Type I binding by 25-HOC. The percentage of high-spin
cytochrome P-450scc was determined from the Type II MAD absorbance change per
r»M P-450.32 The total cytochrome P-450 was estimated from the aminoglutethimide
difference spectrum (AA, 407-448 nm). The approximate percentage of cytochrome
P-450scc that binds 25-HOC was estimated from the 25-HOC Type I difference
spectrum.

of cholesterol metabolism. Although the stress-induced changes discussed in this
paper are concerned only with the enhancement of cholesterol metabolism within
the mitochondria, the structural changes induced in the stressed mitochondria
may also be involved in an increasing entry of cholesterol into the mitochondria
in vivo.

The use of various spectral techniques shows that cytochrome P-450Scc has
several distinct forms in adrenal mitochondria. The relative proportions of these
forms of cytochrome P-450SOc can be completely altered by inducing changes in
the configuration of the adrenal mitochondrial membranes. The increase in the
proportion of the cholesterol-cytochrome P-450Scc complex which is produced
by the action of ACTH probably arises from a change in the membrane environ¬
ment of cytochrome P-450, and is clearly a key step in the activation by ACTH
of cholesterol side-chain cleavage.
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SUMMARY. The acute effect of ether stress on cholesterol side chain

cleavage and cytochrome P-450 has been studied in intact rat adrenal mitochon¬
dria using light absorption and EPR spectroscopy. The effect of stress is
to increase the ratio of high-spin to low-spin oxidized cytochrome P-450 and
this is accompanied by an increase in the rate of pregnenolone synthesis from
adrenal mitochondrial cholesterol. Cycloheximide pre-treatment prevented these
effects of ether stress. The action of ACTH appears to involve an increase in
the association of cholesterol with cholesterol side chain cleavage cytochrome
P-450.

Side-chain cleavage (SCC) of cholesterol is the rate-limiting step in the

production of corticosteroids in the adrenal cortex (1). The activation by ACTH

is blocked by the inhibitors of protein synthesis, puromycin and cycloheximide

(2, 3).

Studies involving the binding of steroids and selective inhibitors (4,5)

have indicated that SCC of cholesterol and steroid 113-hydroxylation occur at

distinct P-450 entities within bovine adrenal cortical mitochondria. This

has been confirmed by a partial separation of these cytochromes (6). Light

* Reprint requests: Dr. A. C. Brownie, SUNYAB Pathology Dept., Bell Facility,
180 Race St., Buffalo, New York 14207.
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absorption (7) and EPR spectra (8) of the specific SCC-cytochrome P-450 in¬

dicate that the cytochrome is predominantly in a high spin state at pH 7.4

in 10 mM phosphate buffer. Since the purified cytochrome P-450 which has been

isolated from Pseudomonas putida exists in the high spin state only in the

oxidized enzyme-camphor (substrate) complex (9), SCC-cytochrome P-450 is

probably isolated as the enzyme-cholesterol complex. Support for this comes

from the work of Harding (10) in which cholesterol SCC cytochrome P-450 has

been isolated free from cholesterol and the addition of cholesterol then gives

a type I light absorption difference spectrum with formation of a high spin

complex.

An almost complete conversion of SCC-cytochrome P-450 from high to low

spin state in the separated preparation and in intact mitochondria is asso¬

ciated with the provision of reducing equivalents (11). The major part of

this change has been attributed to the rate of oxidation of cholesterol in the

high spin complex exceeding the slow rate of cholesterol association with SCC-

cytochrome P-450. This conclusion is supported by the kinetics of pregnenolone

formation and oxygen utilization.

If such a situation occurs ill vivo then the acute action of ACTH could re¬

sult in an increase in the rate at which cholesterol is bound to the SCC-cyto-

chrome P-450. The present communication describes experiments which support

this concept.

Experimental Procedure

Female Sprague-Dawley rats (160-200 g) were used throughout. An acute in¬

crease in the blood level of ACTH was achieved by subjecting the rats to a 10-

minute ether stress (12). Other rats were killed quickly with a minimum of

stress (quiescent). Another group were given cycloheximide (lOmg, I.P.) and

10 minutes later were killed. Still another group received cycloheximide and

10 minutes later were given the standard 10 minutes ether stress prior to

killing. Adrenals were pooled by group, trimmed free of adhering fat and

adrenal mitochondria prepared by conventional methods after homogenization

in 0.25M sucrose.
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Cholesterol SCC in rat adrenal mitochondria was determined as described

previously (11) . Cholesterol in mitochondrial samples was measured by gas

liquid chromatography on 1% SE-30 with flame ionization detection. Optical

spectra were obtained using an Aminco-Chance dual wavelength, split beam re¬

cording spectrophotometer. Mitochondrial protein was determined by the method

of Lowry et al (13).

Adrenal mitochondrial samples for EPR measurements were prepared in

duplicate at a concentration of approximately 30 mg protein per ml and frozen

in matched quartz tubes. EPR spectroscopy was carried out as described (9).

The temperature dependence of the high spin resonance at g = 8.2 was found not

to be significantly different from that observed with the corresponding signal

from P-450 of Ps. putida. The quantitative evaluation of the signal at g = 8.2

of adrenal mitochondria was therefore based on the previous work with bacterial

P-450.

Results

In order to prevent further metabolism of pregnenolone, adrenal mitochon¬

drial incubations were carried out in the presence of 4 yM 2a-cyano-4,4,17a-tri-

methyl-17B-hydroxy-5-androstene-3-one (cyanoketone), an inhibitor of steroid

3B-oi-dehydrogenase (14) . Figure 1 shows the total pregnenolone formation from

endogenous cholesterol in intact mitochondria from rats which were ether-

stressed and rats which were treated with cycloheximide. Addition of iso-

citrate to the mitochondria effected a rapid phase of pregnenolone formation,

followed by a much slower phase. The effect of ether stress was to increase

the initial rate of pregnenolone formation by 2-3 times.

Similar kinetics were observed for the depletion of endogenous cholesterol

in these incubations. The adrenal mitochondria from stressed rats were depleted

of cholesterol faster after addition of isocitrate than adrenal mitochondria

from cycloheximide-treated rats. However, the initial cholesterol level was

not significantly different in the mitochondria from the two groups.

The total cytochrome P-450 content and the HB-hydroxylase activity were

similar in rat adrenal mitochondria from both groups. In order to examine SCC-
485
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Figure 1. Total pregnenolone formation in intact adrenal mitochondria
from rats treated with cycloheximide (o) and rats given an
ether stress (•)• Pregnenolone formation was initiated by
addition of 9 mM D,L-isocitrate. Cyanoketone was present at
a concentration of 4 yM and the mitochondrial protein con¬
centrations were: 1.7 mg/ml (o); 1.4 mg/ml (•) . The incu¬
bation temperature was 28°C.

cytochrome P-450, advantage was taken of the fact that pregnenolone in high

concentrations binds to high spin SCC-cytochrome P-450 with complete conversion

to the low spin state. A type II difference spectrum is produced which is

directly related to the amount of the high spin complex (7). The magnitude of

the type II difference spectrum induced by pregnenolone was at least twice as

large in adrenal mitochondria from ether-stressed rats as compared to cyclo-

heximide-treated rats (Table 1). When reducing equivalents were added to rat

adrenal mitochondria, a type II spectral change was observed similar to that

reported for bovine adrenal mitochondria (11) . This spectral change again

appears to measure the amount of high spin SCC-cytochrome P-450. In adrenal

mitochondria from ether-stressed rats this change was about 2-3 times greater

than in mitochondria from cycloheximide-treated rats (Table 1).
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Table I

Type II difference spectra in intact rat adrenal

mitochondria (AA42o_39o nm/m^ Prote:>-n x 10 )

Isocitratea Pregnenolone^3

cycloheximide- 3.0
treated

stressed 10.0

a. D,L - Isocitrate concentration was 2 mM with 2yg/ml rotenone present.

b. Pregnenolone concentration was 13 yM with 4 yM cyanoketone
present.

Direct confirmation of the increase in high-spin SCC-cytochrome P-450 in

adrenal mitochondria from ether-stressed rats was obtained by EPR measurements.

Figure 2 shows an X-band EPR spectrum from 200 to 6000 gauss. The amplitude

of the center of the spectrum is reduced by a factor of approximately 30.

From Figure 3 it can be seen that there was about a three-fold increase in the

high-spin signal (g = 8.2) in adrenal mitochondria from stressed rats when

compared to adrenal mitochondria from rats which had been given cycloheximide,

or had been given cycloheximide and then an ether stress, or were quiescent.

The concentration of P-450 in the low spin form was 2.8 ± 0.2 nmoles/mg protein

whereas the high spin form maximally amounted to a concentration of 0.19 ± 0.05

nmoles/mg protein (Fig. 3, stressed). Consequently no significant differences

in the concentration of the low spin form could be seen in the various types of

samples. It is noteworthy that the concentration of reduced adrenodoxin,

measured after the addition of methyl viologen and an excess of dithionite,

was 2.0 ± 0.2 nmoles/mg protein, i.e., of approximately the same magnitude

as that of total P-450. The changes in the signals at g = 6 which are pre¬

sumably due to other high spin heme compounds are not understood.
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Figure 2. EPR spectrum (first derivative) of adrenal mitochondria from
stressed rats. The conditions of EPR spectroscopy were:
Microwave power 30 mwatt; frequency 9.17 GHz; modulation
amplitude 10 gauss; temperature 12.3°K; scanning rate 500
gauss/min and time constant 1 sec. For recording the center,
the amplification, power and time constant were reduced 3.1-,
100- and 4-fold, respectively.

Figure 3. Low field portion of EPR spectra of adrenal mitochondria ob¬
tained from rats under different conditions. The conditions
of EPR spectroscopy were: Microwave power 10 mwatt; temp¬
erature 8°K; time constant 0.5 sec. and other conditions as
for Fig. 2.

Discussion

The time course for the conversion of cholesterol to pregnenolone and the

effect of ether stress upon the initial phase of this conversion are similar

to those reported for the conversion of cholesterol to corticosterone in a

82 6.0 4.3 4.0
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combined system of mitochondria and microsomes (15) . Since ether stress in¬

creases blood ACTH levels in the rat 3-4 fold (12) these results are in keeping

with ACTH action being expressed by an increase in cholesterol SCC activity.

From the measurements of pregnenolone and isocitrate-induced spectral

changes it is clear that adrenal mitochondria from ether-stressed rats have

a 2-3 fold increase in the high spin cholesterol SCC cytochrome P-450 compared

to adrenal mitochondria from rats which have been treated with cycloheximide

to inhibit ACTH action. The EPR measurements confirm that there is indeed a

significant increase in high spin cytochrome P-450, and as this high spin form

is in all probability cytochrome P-450 combined with cholesterol, the effect

of ACTH is apparently to increase the amount of this cholesterol-cytochrome

P-450 complex. It seems likely that the 2-3 fold increase in the initial rate

of pregnenolone formation induced by ether stress is related to this increase

in the initial concentration of enzyme-substrate complex.

Treatment of rats with cycloheximide prevented the increase in high spin

SCC cytochrome P-450 suggesting that the ACTH initiated process is dependent

upon protein synthesis. It is apparent that ACTH effects a redistribution of

cholesterol within adrenal mitochondria and a labile protein may be involved

in this redistribution.
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Introduction

One action of ACTH on the adrenal cortex is to increase the rate of choles¬
terol side-chain cleavage (SCC).1'3 Apparently this is the rate-limiting step for
corticosteroidogenesis in adrenal zona fasciculata-reticularis cells.1 Studies by
Koritz and Kumar4 support the concept that cholesterol metabolism to pregneno¬
lone is the rate-limiting step, and these authors suggest that ACTH controls
steroidogenesis by determining the rate of efflux of pregnenolone from mito¬
chondria and thus the extent of feedback inhibition by pregnenolone of its own
synthesis.5

Farese" has shown that ACTH and cyclic AMP, when added to adrenal sec¬
tions, will increase pregnenolone synthesis from endogenous precursors, and
these studies suggest that the accumulation of pregnenolone does not signifi¬
cantly affect cholesterol SCC. Johnson and colleagues7 have found an increased
rate of pregnenolone formation from endogenous cholesterol in adrenal mito¬
chondria isolated from hypophysectomized rats, following treatment with ACTH.

Mitochondrial cholesterol SCC and steroid 11/3-hydroxylation both involve
the participation of cytochrome P-450,8"11 and these two forms of cytochrome
P-450 have been separated.12,13 The separated cholesterol SCC cytochrome P-450
is isolated as a high-spin heme protein, which, by analogy with the soluble cyto¬
chrome P-450 from Pseudomonas putida,14 suggests that it is substrate- (choles¬
terol-bound. Recently161" it has been shown that adrenal mitochondria from
ether-stressed rats have an increased rate of pregnenolone formation, and that
this increased activity of cholesterol SCC is associated with an increase in the

* This work was supported by United States Public Health Service research grants
HL 06975 (A.C.B.), GM 17170 (W.H.O.-J.) and GM 12394 (H.B.). H.B. is the recipient
of Career Award 5-K06-GM-18.442), and W.H.O.-J. of Research Career Development
Award 5-K03-GM-10,236 from the National Institute of General Medical Sciences.

t Present address: Department of Biophysics, Middlesex Hospital Medical School,
London, England.
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amount of high-spin cytochrome P-450 in the mitochondria. One interpretation
of this latter observation is that the elevated blood ACTH levels produced by
the ether stress stimulate corticosteroidogenesis by increasing the association of
cholesterol with cholesterol SCC cytochrome P-450.

The experiments reported in this paper were undertaken to extend these
latest observations.

Materials and Methods

Holtzman C.D. and Carworth Wistar rats, aged 50-60 days, were used for
studies on sex and strain differences. In all other experiments, female Holtzman
C.D. rats, 50-60 days old, were used. All animals were kept in a 12-hour light/
dark cycle. Hypophysectomies were performed intra-aurally, using a Hoffman-
Reiter hypophysectomy instrument (H. Neuman & Co., Skokie, Illinois).

Quiescent animals were killed by decapitation with a minimum amount of
handling, immediately after being removed from their cages. Stressed animals
were kept lightly anesthetized with ether for 10 min before decapitation. Hy-
pophysectomized rats were anesthetized with ether and either 0.1 ml sterile
saline or 8 U ACTH gel (Organon) were injected into the jugular vein, 10 min
before decapitation. Blood was collected from the trunk following decapitation.

In these experiments in which whole adrenals were used, they were rapidly
removed, trimmed free of adhering fat, and placed in cold 0.25 M sucrose.
Capsular and decapsulate glands were separated by making a small incision
across the adrenal and extruding the core decapsulate gland by gentle applica¬
tion of pressure with curved forceps.17 When only decapsulate tissue was needed,
the incision was made in situ1" and the core gland was extruded and removed
immediately to cold sucrose.

Tissue was homogenized in 0.25 M sucrose, using a Tri-R homogenizer.
Adrenal mitochondria were prepared by differential centrifugation and washed
once with 0.25 M sucrose. Concentrated mitochondrial suspensions (15-30 mg
protein/ml) were prepared in 0.25 M sucrose and aliquots were frozen in
matched quartz tubes, using liquid nitrogen. EPR spectroscopy was carried out
as described elsewhere."

Other aliquots of mitochondria were diluted with triethanolamine buffer,19
pH 7.3 or 6.0, for measurement of the pregnenolone and 11-deoxycorticosterone
(DOC) induced difference spectra. Difference spectra were determined with an
Aminco-Chance dual-wavelength recording spectrophotometer. Adrenal mito¬
chondrial cytochrome P-450 was measured by the method of Omura and Sato.20

Other aliquots of mitochondria were diluted with triethanolamine buffer, pH
7.3, for the measurement of cholesterol SCC. These incubations were carried out
as described elsewhere,21 except that 11.4 mM isocitrate was added as donor of
reducing equivalents. 8 pM Cyanoketone (2a-cyano-4,4,17a-trimethylandrost-5-
en-17/?-3-one) was included in the incubation medium to inhibit steroid 3/S-o]
dehydrogenase,22 so that the only end product formed was pregnenolone.61516
Aliquots of incubation media were removed at short time intervals, and preg¬
nenolone formation was measured by radioimmunoassay following extraction
and separation of the steroids by thin-layer chromatography.21

Corticosterone levels in the serum were measured by a modification of the
method of Silber and colleagues.23 Mitochondrial protein was determined by the
method of Lowry and colleagues.24
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Results

Effect of Stress on Male and Female Rats of Different Strains
The application of 10 min of ether stress resulted in the expected and well-

known25 increase in serum corticosterone levels in both female and male rats

(Table 1). It is apparent that the female rats were more responsive to the ether
anesthetic stress and that the Holtzman females attained the highest serum
corticosterone levels. The corticosterone level following stress appeared to be
correlated with the total adrenal mitochondrial cytochrome P-450 content (Ta¬
ble 1), in that this parameter was higher in female rats than in male rats and was
highest in the female Holtzman rats. The increased adrenal mitochondrial cyto¬
chrome P-450 levels of female rats has been reported previously,20 and is obvi¬
ously related to the larger adrenal glands of the female rat as compared to the
male rat.27 Stress apparently did not bring about any significant alteration in the
total adrenal mitochondrial cytochrome P-450 content of the male or female rats
of the two strains studied.

Type I and Type II spectral changes were measured in adrenal mitochondria
isolated from the various groups. It can be seen that there was a consistent, large
increase percent in the Type II spectra of adrenal mitochondria isolated from
stressed rats (Table 1; Figure 1). There was also a tendency for the Type I
spectral change to be less in adrenal mitochondria from the stressed female rats
than from quiescent female rats.

The Type II spectral change induced in adrenal mitochondria by pregneno¬
lone has been directly related to the amount of high-spin SCC cytochrome
P-450.28 In each case, stress caused an increase in the Type II spectral change,
which would imply that there was an increase in high-spin cholesterol-bound
SCC cytochrome P-450. Direct confirmation of the increase in high-spin SCC
cytochrome P-450 in adrenal mitochondria from ether-stressed rats was obtained
by EPR measurement.

Examination of the low-field portion of the EPR spectra of adrenal mito-

Table 1
Effect of Stress on Male and Female Rats of Different Strains

Serum
Corticosterone

Mg%

Adrenal
Mitochondrial

Cytochrome P-4S0
nmol/rat

Spectral Changes

Type
ii*

Type
i*

Holtzman females
Quiescent 4.0 ± 0.35 2.02 7.0 47.2
Stressed 59.6 ± 1.91 2.07 14.0 40.0

Holtzman males
Quiescent 4.2 ± 0.42 1.08 9.7 39.0
Stressed 32.5 ± 2.39 1.16 19.0 39.2

Wistar females
Quiescent 9.0 ± 1.30 1.34 8.3 35.9
Stressed 47.1 ± 4.63 1.49 15.4 28.6

Wistar males
Quiescent 4.6 ± 0.27 0.80 13.0 26.9
Stressed 21.9 ± 1.90 0.87 22.1 25.5

* AA39o-42o/nmol P-450 X 103. Spectral changes were measured in adrenal mito¬
chondrial suspensions in triethanolamine buffer, pH 7.3.
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Figure 1. Pregnenolone-induced Type II difference spectra in adrenal mitochon¬
drial suspensions from quiescent and stressed female Holtzman rats. Suspensions were
in triethanolamine buffer, pH 7.3. The cyanoketone (CTA) concentration was 2.5 //.M;
pregnenolone, 29 /xM. Protein concentration was 1.31 mg/ml for quiescent and 1.1
mg/ml for stressed rats.

chondria from the various groups (Figure 2) indicates that there are at least two
signals around g — 8.0. The high-field component (g = 7.9) is presumed to be
the high-spin form of the 11 /^-hydroxylase cytochrome P-450, since it is this sig¬
nal that is increased when 11-deoxycorticosterone is added to rat adrenal mito¬
chondria. The low-field component (g ~ 8.2) is the signal that is decreased by the
addition of pregnenolone, and is presumed to be due to cholesterol-bound SCC
cytochrome P-450. This signal is equated with the Type II spectral change.

It can be seen that both high-spin signals are increased in adrenal mito¬
chondria from stressed male and female rats of both strains. There are strain and
sex differences in the total amount of the g — 8.2 signal. Female Holtzman and
Wistar rats attain a much higher g = 8.2 signal than the corresponding male rats.
In addition, adrenal mitochondria from female rats of the Holtzman strain have
larger amounts of this component than adrenal mitochondria from female rats
of the Wistar strain. These variations in the size of the g = 8.2 signal correlate
quite well with the Type II spectral changes, the total cytochrome P-450 of the
adrenal mitochondria, and the serum corticosterone levels of the various groups.

The increase of the g = 7.9 signal with stress is particularly great in the
Holtzman rat adrenal mitochondria. It is noticeable that the male Wistar rats
show a dominant increase in the g = 8.2 signal on stress, whereas in other
groups the higher field signal was larger than the g = 8.2 signal. Because of the
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Figure 2. Low-field portion of EPR spectra obtained from adrenal mitochondria
from different strains and sexes of rats under stressed and quiescent conditions. Spectra
were obtained under these conditions: microwave power, 9 mW; frequency, 9.18 GHz;
modulation amplitude, 10 G; temperature, 8°K; scanning rate, 200 G/min; time con¬
stant, 1 sec. The individual sample conditions were: Holtzman female, quiescent, gain
= 1, 39.2 mg protein/ml; Holtzman female, stressed, gain = 1, 32.7 mg protein/ml;
Holzman male, quiescent, gain = 2.5, 19.0 mg protein/ml; Holtzman male, stressed,
gain = 2.5, 20.7 mg protein/ml; Wistar female, quiescent, gain = 2.5, 22.3 mg pro¬
tein/ml; Wistar female, stressed, gain = 2.5, 24.4 mg protein/ml; Wistar male, quies¬
cent, gain = 4.3, 15.0 mg protein/ml; Wistar male, stressed, gain = 4.3, 19.8 mg pro¬
tein/ml. A signal-averaging computer was used to accumulate four samples of each
spectrum, except for the male Wistar samples, for which nine spectra were added to¬
gether.

small percentage of the mitochondrial cytochrome P-450 that is in the high-spin
form, no significant difference in the concentration of the low-spin form could
be seen in the adrenal mitochondrial samples from stressed groups of rats.

Effect of ACTH on Hypophysectomized Rats
Female Holtzman rats were given 8 U of ACTH intravenously, 20-24 hours

following hypophysectomy. The serum corticosterone levels of rats killed 10
min after the ACTH injection were reproducibly increased seven- to eightfold
(Table 2). Adrenal mitochondria isolated from these rats following ACTH
injection had an approximately sixfold increase in the rate of pregnenolone
formation from endogenous precursors, compared to that of controls (Figure 3).
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Table 2
Effect of ACTH on Hypophysectomized Rats

Group
Serum

Corticosterone
Mg %

Mitochondrial
Cytochrome

p-450
nmol/mg
protein

Spectral Changes EPR Spectra

Type
II*

Type
I* g = 8.2

nmol/nmol
g = 7.9
P-450

6.5
11.0
8.0

12.3

50.6
48.9
49.9
46.7

0.0428
0.0867
0.0300
0.0600

0.0713
0.1263
0.0491
0.1036

Hypox
Hypox + ACTH
Hypox
Hypox + ACTH

3.4 ± 0.34
26.5 ± 2.52
4.5 ± 0.60

27.5 ± 1.67

1.47
1.55
1.44
1.40

' AAa9o-i2o/nmol P-450 X 103.
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Figure 3. Total pregnenolone formation from endogenous precursors by adrenal
mitochondria from hypophysectomized and ACTH-treated hypophysectomized rats.
Protein concentrations were: hypox (A A), 1.29 mg protein/ml; hypox + ACTH
(O O), 1-35 mg protein/ml.

This was not associated with any appreciable change in the adrenal mitochondrial
cytochrome P-450 concentration, but was associated with a large increase per¬
cent in the Type II spectral change induced by the addition of pregnenolone
(Table 2). There was a small decrease in the Type I spectral change induced by
11-deoxycorticosterone in adrenal mitochondria from ACTH-injected rats.
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Table 3
Spectral Changes and High-Spin Cytochrome P-450 in Adrenal Mitochondria

from Capsular and Core Glands

Quiescent

SCX Core

Ether-stressed

sulS Core

Hypox

siflar Core

Hypox +
ACTH

CaP" Gore
sular core

Type I
nmol P-450 X

103 48.6 50.1 45.5 50.1 45.6 53.6 45.1 49.5
Type II

nmol P-450 X
103 15.8 11.4 23.9 19.5 8.6 3.7 20.6 19.8

g = 7.9 Signal
nmol/nmol P-

450 0.058 0.080 0.084 0.106 0.039 0.024 0.087 0.191
g = 8.2 Signal

nmol/nmol P-
450 0.047 0.031 0.055 0.035 0.031 0.008 0.065 0.064

EPR measurements in the low-field region showed an approximately twofold
increase in the g = 8.2 signal in the mitochondrial preparation from the ACTH-
treated animals (Table 2). This increase correlates well with the Type II spectral
change, but is much lower than the increase observed in pregnenolone formation
and serum corticosterone levels.

Effect of ACTH and Stress on Capsular and Decapsulate Adrenal Glands

In these experiments adrenal glands were separated into capsular glands,
which are composed mainly of zona glomerulosa cells, and decapsulate (core)
glands, in which the adrenal cortical cells are almost entirely from the zona
fasciculata and zona reticularis.29

Mitochondria were isolated from capsular and core adrenal glands in quies¬
cent and ether-stressed rats and in hypophysectomized rats with and without
ACTH injection. As can be seen in Table 3, it is possible to distinguish between
capsular and core adrenal mitochondria in terms of the Type II spectral changes
induced by pregnenolone. This was especially true for control hypophysecto¬
mized rats, in which the Type II spectral change of the core gland mitochondria
was less than one-half of that of the corresponding capsular adrenal mitochon-
dria.This has been a consistent finding in three experiments.

When one compares adrenals from quiescent and hypophysectomized rats,
it can be seen that the hypophysectomy has a much greater effect on core adrenal
mitochondria than on capsular mitochondria. The injection of ACTH into hy¬
pophysectomized rats caused an increase in the Type II spectral change of both
capsular and core adrenal mitochondria. The capsular Type II spectral change
increased about 2.5-fold; the decapsulate increased about 5.5-fold. This latter
increase correlates quite well with the increase in serum corticosterone levels
brought about by ACTH (control hypox rats, 4.7 ± 0.27 /xg%; hypox + ACTH,
28.3 ± 1.65 pg%).

Decapsulate adrenal mitochondria from intact quiescent rats also had a
lower Type II spectral change than that of capsular adrenal mitochondria. Stress
caused an increase in the Type II spectral change of both capsular and core
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adrenal mitochondria, the level attained being similar to that seen in hypophysec-
tomized rats treated with ACTH. The serum corticosterone level of the ether-
stressed rats (68.5 ± 2.7 /xg%) was much higher than that of ACTH-treated
hypophysectomized rats.

The Type I spectral change induced by 11-deoxycorticosterone tended to be
slightly higher in core than in capsular adrenal mitochondria. There did not
appear to be any appreciable effect of stress or ACTH on this spectral change in
capsular or core glands.

EPR measurements in the low-field region were carried out on the various
mitochondrial preparations, and the amount of the two signals present was cal¬
culated (Table 3). There was good correlation between the Type II spectral
changes and the magnitude of the g = 8.2 signal, which lends support to the
conclusion that this signal is given by high-spin SCC cytochrome P-450. The
noncorrelation of the g = 7.9 signal (high-spin 11/S-hydroxylase cytochrome
P-450) with the Type II spectral change is clearly seen in the EPR measure¬
ments from capsular and decapsulate adrenal mitochondria of quiescent animals.

Treatment of hypophysectomized rats with ACTH led to a sevenfold increase
in the g = 8.2 signal in the decapsulate adrenal mitochondria (Figure 4), which
equates quite well with the increase in the activity of cholesterol SCC (Figure 3)
and also with the increase in serum corticosterone levels. The observation that
the Type II spectral change of the capsular adrenal mitochondria was less sensi¬
tive to the effects of the withdrawal of ACTH (by hypophysectomy) had sug¬
gested that the high-spin SCC cytochrome P-450 would be higher in capsular
than in decapsulate adrenal mitochondria from hypophysectomized rats. This
was confirmed from the EPR measurements and can be seen in Figure 4.

Effect of Cycloheximide on Type II Spectral Changes and High-Spin EPR Sig¬
nals of Decapsulate Adrenal Mitochondria

Female Holtzman rats, which had been hypophysectomized 24 hours earlier,
were injected with either saline or ACTH. Some groups of rats were killed at
various time intervals after injection. Other groups were given cycloheximide (10
mg, i.p.) 10 min after the ACTH injection and were killed at various time inter¬
vals after that. Decapsulated adrenal glands were extruded from the rats at the
time of killing.

From Figure 5, it can be seen that the Type II spectral change of the de¬
capsulate adrenal mitochondria was significantly increased 2 min after the ACTH
injection, and attained maximal levels, representing a sixfold increase, 5 min
after the ACTH injection. This elevated Type II spectral change was still present
60 min after the ACTH injection. Rats which had received ACTH and then
cycloheximide showed a decrease in the Type II spectral change to the hypophy¬
sectomy levels of controls 5 min after the cycloheximide injection, and this fall
persisted up to 20 min. There was no apparent alteration in the Type I spectral
change brought about by ACTH or cycloheximide.

EPR measurements were also carried out on mitochondrial preparations from
the ACTH- and cycloheximide-treated rats. The usual increase in the g = 8.2
signal, following the administration of ACTH, can be seen in Figure 6. Five
min after cycloheximide treatment, this signal has been decreased to about one-
third of the ACTH value. This decrease persists in the samples from animals
treated with cycloheximide for 10 and 20 min. Their EPR results are in close
agreement with the Type II spectral changes observed.
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Figure 4. Low-field portion of EPR spectra obtained from capsulate and decap¬

sulate adrenal mitochondria from quiescent and stressed rats, and hypophysectomized
rats treated with saline or ACTH. Spectra were obtained under the conditions described
in the caption for Figure 2, except that the modulation amplitude was 12.5 G and the
scanning rate, 100 G/min. The gain was 1 for all samples. The protein concentrations
of individual samples in mg/ml were: quiescent capsulate, 27.8; quiescent decapsulate,
30.2; stressed capsulate, 29.7; stressed decapsulate, 37.7; hypox capsulate, 14.3; hypox
decapsulate, 22.7; hypox + ACTH capsulate, 25.3; hypox + ACTH decapsulate, 30.5.
A signal-averaging computer was used to accumulate four samples of each spectrum.

Discussion

The mammalian adrenal cortex can be considered to consist of two distinct
endocrine glands. One of these is composed of the zona glomerulosa cells, which
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Figure 5. Type II difference spectra (AA 420-390/nmol P-450 x 10s) measured
in adrenal mitochondrial suspensions from rats treated with saline ( ■), ACTH

or ACTH plus cycloheximide (•••) for various time intervals. The protein con¬
centration was approximately 0.75 mg/ml.

lie immediately under the adrenal capsule. The major function of these cells is
to secrete the mineralocorticoid, aldosterone. The synthesis and secretion of
this hormone are controlled by various factors, which include ACTH, Na+, K+,
angiotensin II, and probably additional factors which are as yet unknown. The
other endocrine gland consists of cells of the zona fasciculata and zona reticularis.
The major function of these inner zones of the adrenal cortex is the synthesis
and secretion of glucocorticoids and androgens. ACTH seems to be entirely
responsible for the control of these inner zones. Thus ACTH has an effect on
steroid hormone synthesis in both the zona glomerulosa and the zona fasciculata-
reticularis.

The purpose of these investigations has been to examine the effect of ACTH
on a reaction in corticosteroidogenesis on which control seems to be exerted;
that is, cholesterol SCC.1"3 Cholesterol SCC, which takes place in the mito¬
chondrial fraction of adrenal cortical cells,30 is a cytochrome P-450-mediated
reaction.6,10 With the successful separation of cholesterol SCC activity from
mitochondrial steroid 1 l/?-hydroxylase,12,13 it was possible to demonstrate that
the cytochrome P-450 associated with cholesterol SCC is in the high-spin form.28
The relative amount of this high-spin form of cholesterol SCC cytochrome P-450
can be measured indirectly by the addition of high concentrations of pregneno¬
lone and the determination of the resulting Type II spectral change.

In our studies we have shown that when intact rats are stressed or when
hypophysectomized rats are treated with ACTH, there is an increase in the Type
II spectral change of adrenal mitochondria. This we have interpreted13,10 as im¬
plying that ACTH (stress) brings about an increase in the amount of high-spin
cholesterol SCC cytochrome P-450 in adrenal mitochondria. By analogy with
the studies carried out with the purified cytochrome P-450 from Pseudomonas
putida,11 the increase in high-spin cytochrome P-450 has been interpreted as an
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Figure 6. Low-field portion of EPR spectra obtained from adrenal mitochondria
from decapsulated glands of rats treated with ACTH for 10 min then with cyclo-
heximide for the time indicated. Spectra were obtained under the conditions described
in the caption for Figure 4. The protein concentrations of individual samples in mg/ml
were: ACTH, 24.0; 5 min cycloheximide, 21.2; 10 min cycloheximide, 25.5; 20 min
cycloheximide, 22.5.

increase in the amount of cholesterol-bound cytochrome P-450.15 If the action
of ACTH results in an increase in the cholesterol bound to the SCC enzyme, this
would explain the subsequent increased rate of corticosteroidogenesis.

Previously we have shown1'' that there is an increased high-spin EPR signal
around g = 8.0 in adrenal mitochondria from stressed rats. Closer examination
of this low-field region of the EPR spectrum of adrenal mitochondria has re¬
vealed that there are at least two distinct high-spin signals, at g = 8.2 and g —

7.9. The g = 7.9 signal is greatly increased by the addition of 11-deoxycorticos¬
terone (DOC) to the mitochondrial preparation prior to the freezing of the mito¬
chondria in the EPR tube. We have presumed, therefore, that the g — 7.9 signal
of rat adrenal mitochondria is the high-spin form of 11 /^-hydroxylase cytochrome
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P-450, and that it is due to small amounts of endogenous DOC present in the
mitochondria, which have combined with the low-spin form of this cytochrome
P-450 to give the high-spin form. Whysner and colleagues31 have demonstrated
that such a high-spin form of cytochrome P-450 is formed when DOC is added
to bovine adrenal mitochondria.

The g = 8.2 signal of rat adrenal mitochondria is almost entirely lost when
pregnenolone is added during the preparation of samples for EPR spectroscopy,
and a similar loss of high-spin signal has been seen when pregnenolone is added
to the partially purified bovine adrenal SCC cytochrome P-450.32 Consequently
we have assumed that the g = 8.2 signal in the low field is due to high-spin choles¬
terol-bound SCC cytochrome P-450.

The effect of stress on the rat is to cause an increase in the g = 8.2 signal in
adrenal mitochondria (Figure 2), and this correlates quite well with the increase
in Type II spectral change (Table 1). Sex and strain differences are evident in
the amounts of the two high-spin signals in adrenal mitochondria. Female rat
adrenal mitochondria have more of the g = 8.2 signal than corresponding male
mitochondria, particularly after stress, and this correlates with the higher serum
corticosterone levels attained in female than in male rats following stress. Ad¬
renals from female rats were much larger than adrenals from male rats, and the
content and concentration of cytochrome P-450 in adrenal mitochondria from
female rats was appreciably higher than in those from males. This is in agreement
with previous studies.20

Following stress, the amount of the g = 7.9 signal was usually higher than
that of the g = 8.2 signal. Presumably this is due to accumulation of DOC, an
intermediate in the synthesis of corticosterone. An exception to this occurred
in the male Wistar rat adrenal mitochondria, in which there was a low g = 7.9
signal before or after stress, but a large increase in the g = 8.2 signal after stress.

In studies in which whole adrenal mitochondria from hypophysectomized rats
were used, it was shown that within 10 min of the ACTH injection there was an
increase in the Type II spectral change and in the g = 8.2 signal (Table 2). Al¬
though the increase in the high-spin form of SCC cytochrome P-450 was associ¬
ated with increased pregnenolone formation in rat adrenal mitochondria, this
latter parameter was increased several-fold more than the high-spin SCC cyto¬
chrome P-450. Further studies in which inner-zone (core) cells were separated
from the zona glomerulosa cells allowed us to examine those cells of the adrenal
cortex that are mainly concerned with corticosterone production and are pri¬
marily controlled by ACTH. These experiments indicated that the inner zones of
the adrenal cortex, as might have been expected, were extremely sensitive to the
withdrawal of ACTH by hypophysectomy. The Type II spectral change and the
g = 8.2 signal of core adrenal mitochondria were lower per nmole of cytochrome
P-450 than they were in capsular adrenal mitochondria (Table 3; Figure 3). On
treatment with ACTH, these core adrenal mitochondria showed a sixfold increase
in their Type II spectral change and g = 8.2 signal. This increase correlated well
with the increased rate of pregnenolone formation and the increased serum corti¬
costerone level brought about by ACTH.

The Type II spectral change and the g = 8.2 signal in core adrenal mito¬
chondria from ACTH-treated hypophysectomized rats were quite similar to
those of core adrenal mitochondria from intact stressed rats. The serum corti¬
costerone levels of the stressed rats, however, were more than twice those of the
ACTH-treated hypophysectomized rats. One possible implication of these ob-
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servations is that the level of cholesterol-bound SCC cytochrome P-450 is not
the only factor that determines the rate of corticosterone production by the
adrenal cortex. It may well be that the withdrawal of ACTH leads to a decrease
in the activity of other systems which affect the rate of cholesterol SCC or other
steps in corticosteroidogenesis.33 In addition, stressed intact rats may attain a
higher blood level of ACTH, which could account for these differences through
effects on other parameters, such as blood flow.

Following the administration of ACTH, capsular adrenal mitochondria from
hypophysectomized rats showed a 2.5-fold increase in Type II spectral change,
and there was a similar increase in the magnitude of the g — 8.2 signal. This
apparent increase in the high-spin form of cholesterol SCC cytochrome P-450
in zona glomerulosa mitochondria corresponds well with the increase in aldoster¬
one biosynthesis brought about by ACTH.20 Such correlations may be fortuitous,
in view of the contamination of the capsular preparation with core cells.

It had previously been shown that the administration of cycloheximide to rats
prior to treatment with ACTH prevents any increase in corticosterone produc¬
tion.34 It has also been demonstrated that such pretreatment of rats prevents the
increase in high-spin cytochrome P-450 in adrenal mitochondria following
stress.16 The present studies have shown that the increase in the Type II spectral
change and g = 8.2 signal brought about by ACTH in hypophysectomized rat
adrenal mitochondria is reversed by subsequent treatment with cycloheximide.
The decrease in high-spin cytochrome P-450 brought about by cycloheximide
matches very well the decrease in corticosterone secretion that was described by
Garren and colleagues3' (Figure 1).

These recent investigations can be consistently interpreted as indicating that
one result of the action of ACTH on the adrenal cortex is to increase the associa¬
tion of cholesterol with SCC cytochrome P-450 in the mitochondria. It seems
likely that under the action of ACTH, and mediated by cyclic AMP, a labile
protein is formed which is involved in this increased binding of cholesterol with
cytochrome P-450.
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Discussion of the Paper

Dr. J. B. Schenkman: I have one question, and that concerns the compound
that may be bound after stress. Do you think it's DOC or cholesterol? And
would it be possible to extract the mitochondria in the manner that was done, I
believe, by Dr. Harding, in acetone, to determine what it is that is bound after
stress?

Dr. Brownie: We believe, of course, that after stress or after ACTH, more
cholesterol is bound to P-450, and also more DOC is bound to another P-450. We
have samples in the deep freeze somewhere, just as everybody else has, waiting
to have the radioimmune assay performed. But the DOC radioimmune assay is
not the easiest one to do, and we haven't gotten down to doing it. In previous
studies in my laboratory on another problem altogether, we have succeeded in
measuring the DOC in adrenal mitochondria. It's certainly perfectly feasible to
do so.

Dr. R. W. Estabrook: Within 10 sec of being killed the animal is in ischemia,
and the adrenal is anaerobic. It is then put in a foreign environment and sub¬
jected to 1 or 2 hours of centrifugation. Then we take this sample and examine
it and make all sorts of conclusions. I'm reminded of some of the studies that
Sir Hans Krebs has reported regarding the tricarboxcyclic acid cycle and the liver
mitochondria. Were one trying to reconstruct the function of the tricarboxcyclic
acid cycle by looking at the level of intermediates in isolated mitochondria, it
would be a totally frustrating situation. For one could find that there is more
citrate in the isolated mitochondria than in all of the liver under freeze-clamp
conditions of assay. How is this going to influence our interpretation of these
studies? Have you attempted, for example, to use the Wallenberg-Tong freeze-
clamp technique, in which the tissue is immediately suppressed at liquid nitrogen
temperature, so that the true in vivo situation can be represented?

Dr. Brownie: I certainly subscribe to everything you said. It's obviously al¬
most unbelievable that you can still see these changes if you have isolated the
mitochondria 2 hours after the killing. I know that Dr. Beinert plans to develop
a methodology that will allow us to look at these forms of P-450. In fact, I
believe he has it now. We simply haven't taken advantage of it.

One of the experiments that we have tried unsuccessfully was an attempt to
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isolate adrenal cells. It would be very useful to isolate adrenal cells and expose
them to ACTH, cyclic AMP, and so on. Well, we did it, but we made a terrible
error. We tried to isolate mitochondria from these cells, but it was a disaster,
because we hardly got any.

What we intend to do is to repeat this type of experiment, expose these cells
to ACTH, and immediately put these into an EPR tube and see whether we can
recognize this 8.2 signal, which we believe correlates with cholesterol side-chain
cleavage. I think you're certainly right in your comment. I think these studies
with adrenal mitochondria have certainly indicated that there is something about
cholesterol, and it is very much rate-limiting in corticosteroidogenesis. There is
now what I consider to be clear evidence that we should expect to see more of
the P-450 enzyme combined with the substrate. If we can do this in whole cells
by the quick-freezing technique, then I assume you'll be convinced.

Dr. D. Y. Cooper: What happens to the 8.2 and 7.9 signal on the reduction
or addition of carbon monoxide?

Dr. Brownie: I personally haven't done that, so I couldn't really tell you
what happens.

Dr. Kowal (University Hospitals of Cleveland, Cleveland, Ohio): I just want
to comment that, with all due respect to Dr. Garren and the work that's been
done, it was Dr. Ferguson who first demonstrated the effect of protein synthesis
inhibitors, and I think that not enough credit goes to him.

Dr. Brownie: That's very true. I was specifically mentioning cycloheximide,
and of course that is associated with the name of the late Dr. Garren.

Dr. Kowal: I would appreciate it if you could comment further on the neces¬
sity for maintaining the intactness of the mitochondria to demonstrate these
effects, especially since you're attributing this to the binding of cholesterol to
P-450 and, secondly, since Boyd's data seem to suggest that cycloheximide does
not have its effect on the transport of cholesterol to the enzyme site, but appar¬
ently later on; if I understood you correctly, your data suggest that it's earlier.
I was wondering whether Dr. Boyd could comment on any possible differences
in the results that you two have obtained.

Dr. Brownie: To take up the last point, I feel that we didn't have much
chance really to discuss Boyd's and Harding's results. It seemed to me at the
time they were presented that one might be forgetting that in the presence of
cycloheximide, one still stimulates the cholesterol esterase, I believe. Isn't that
true, Dr. Boyd?

Dr. G. S. Boyd: Yes.
Dr. Brownie: I think that comes into the argument, but I can't remember

enough about it.
With regard to the intact mitochondria, let me say that these differences are

absolutely abolished if you sonicate the mitochondria. This we did in Edinburgh
last year. We found that we could not differentiate between quiescent and cyclo-
heximide-treated and stressed adrenal mitochondria if we sonicated them. I be¬
lieve Dr. Jefcoate did mention that.

Dr. Kowal: If you attributed the amount of the bound cholesterol to the
P-450, why should sonication alter your signal?

Dr. C. R. E. Jefcoate: There's one point I'd like to make. Although there
is a change in the interaction of the cholesterol with the side-chain cleavage cyto¬
chrome P-450 in these mitochondria after stress, there appears to be very little
change in the total cholesterol in the mitochondria. So there is some kind of con-
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trol factor which is adjusting the distribution of cholesterol, if you like, within
the mitochondria. This control is abolished when you break up the mitochondria
into small vesicles with sonication.

Dr. B. Harding: In response to a couple of comments, it is true that when
you cut out the adrenal you impose anoxia on the whole system. You wonder
what this has to do with what's going on in the intact animal, but if you clamp
the blood supply of the adrenal for 3 min before you take out the gland, you get
an entirely different result than you do if you pull the gland out immediately after
the particular manipulation. Whether this says that we're getting a quick look
at a bit of life when we do this complicated business of taking out mitochondria,
I still doubt.

I can't really explain the difference between our results and Dr. Brownie's,
since his are backed up by the observation of the increase in the high-spin EPR
signal. I feel a little weakened by that, but we have a different preparation. Our
animals are hypophysectomized 44 hours, so I suspect we're giving ACTH differ¬
ently. We infuse it for a 20-min period and then collect the adrenal. We see an
increase in cholesterol, but not as large as the increase in DOC, judged by the
spectral criteria at least. We certainly see this large increase in the cholesterol
following cycloheximide. I don't know if you have had our experience that when
the animal is given cycloheximide the adrenal comes out looking like a hypophy¬
sectomized adrenal, even though it has only received the cycloheximide for a
very short period (10 min or so). It seems as if cycloheximide shuts down the
blood supply to that adrenal, and in our results it looks very similar to the anoxic
adrenal that we get by clamping with cycloheximide. So we've not been able to
see this loss of cholesterol at the site in the presence of cycloheximide. In fact,
we see the opposite. I don't know what the explanation is.

Dr. Brownie: It's obvious that a lot more has to be done in that particular
area, but with regard to your first sentence, these studies would be absolutely im¬
possible if it were not for the very sophisticated EPR setup that Dr. Beinert and
Dr. Orme-Johnson have developed in Madison. It is impossible to do these stud¬
ies, as most of you appreciate, at liquid nitrogen temperature. It's also very diffi¬
cult to do them unless you really use a lot of sophisticated backing to a liquid
helium setup. This they have done in many years of work, and we certainly owe
them a debt of gratitude.
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SUMMARY

A comparison of the effects of adrenocorticotropic hormone
(ACTH) on the cholesterol side chain cleavage system of
zona glomerulosa and zona fasciculata-reticularis tissue of
the rat adrenal is presented. Following hypophysectomy,
the rate of pregnenolone formation from endogenous cho¬
lesterol in mitochondria from zona fasciculata-reticularis was

lower than in mitochondria from zona glomerulosa. Also,
the proportion of high spin, cholesterol-bound side chain
cleavage cytochrome P-450 was smaller, as measured by
spectrophotometry and electron paramagnetic resonance
spectroscopy.

Treatment with ACTH brought about an increase in the
rate of cholesterol side chain cleavage and in the proportion
of high spin, cholesterol-bound side chain cleavage cyto¬
chrome P-450 in mitochondria isolated from both zones.

However, the percentage increase found in the zona fascicu-
lata reticularis was much greater than in the zona glomeru¬
losa.

It is concluded that although both zones are affected by
ACTH, the cholesterol side chain cleavage system of the
zona fasciculata-reticularis is much more sensitive than that
of the zona glomerulosa to this hormone.

The effect of adrenocorticotropic hormone in bringing about
an increase in corticosteroidogenesis was first observed over 20
years ago (1). It has now been established that this action is
mediated through the effect of ACTH1 on the conversion of
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W. H. O.-J., and GM 12394 to H. B.

| Recipient of Career Award 5-K06-GM-18,442 from the Na¬
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1 The abbreviations and trivial names used are: ACTH, adreno¬
corticotropic hormone; cyanoketone, 2<*-cyano-4,4,17a-trimethyl-
17/3-hydroxy-5-androsten-3-one; cholesterol, 5-cholesten-3/3-ol;

cholesterol to pregnenolone (2-4). This cholesterol side chain
cleavage reaction is catalyzed by a mixed function oxidase sys¬
tem which involves cytochrome P-450 (5, 6). An increase in
the high spin form of this heme protein (7) as well as an increase
in cholesterol side chain cleavage activity (8) have been demon¬
strated following increased ACTH secretion brought about by
ether anesthetic stress.

Many studies on the mechanism of action of ACTH and on
the adrenocortical cytochrome P-450 system have involved the
use of whole adrenal glands, although the functional zonation
of the adrenal cortex has been recognized for many years (9, 10).
The zona glomerulosa is concerned primarily with the production
of aldosterone, whereas the zona fasciculata-reticularis produces
mainly corticosterone and 18-hydroxy-ll-deoxycorticosterone in
the rat. Furthermore, these two functional zones respond to a
different extent to ACTH (11) and Tait et at. have shown that
this difference in the rate of production for a given steroid is de¬
pendent on the zone in which it is synthesized (12).

In the present study, rat capsular tissue, comprised mainly of
cells of the zona glomerulosa, has been separated from decap-
sulate adrenal tissue, containing cells of the zona fasciculata-
reticularis. Clear differences in the cholesterol side chain cleav¬

age activity and the high spin forms of cytochrome P-450 were
observed between these zones of the adrenal cortex in their

response to ACTH and its withdrawal.

EXPERIMENTAL PROCEDURE

Female Sprague-Dawley rats, aged 50 to 60 days, obtained
from the Holtzman Co., Madison, Wise., were used in all experi¬
ments. They were singly caged in a room at 20 ± 1° with a
12-hour light-dark cycle. They were maintained on Charles
River laboratory chow and tap water ad libitum. Hypophysec-
tomies were performed transaurally, using the IIoffman-Reiter
instrument (II. Neuman & Co., Skokie, 111.).

Twenty-four hours following hypophysectomy, rats were anes¬
thetized with ether and injected intravenously with (a) 0.1 ml
of 0.9% NaCl solution (these groups are to be subsequently

pregnenolone, 30-hydroxy-5-pregnen-2O-one; deoxycorticosterone,
21-hydroxy-4-pregnene-3,20-dione; corticosterone, 11/3,21-dihy-
droxy-4-pregnene-3,20-dione.
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referred to as untreated rats) or (6) 8 units of ACTH gel (Orga-
noir, 80 i.u. per ml). Injections were done 10 min prior to killing
by decapitation. Trunk blood was collected for measurement
of peripheral corticosterone levels. Adrenal glands were rapidly
removed from the rats and trimmed free of adhering fat. An
incision was then made across the adrenal and the inner zones

were extruded by exerting gentle pressure on the gland with
curved forceps (9). Capsular and decapsulate portions of the
glands were then placed in ice-cold 0.25 m sucrose. The pooled
glands from 20 to 50 rats were used in each group.

The adrenal tissue was homogenized in a Potter-Elvehjem
type Teflon-glass homogenizer and the homogenate centrifuged
at 900 X g for 10 min in a Sorvall RC-2 refrigerated centrifuge
to remove unbroken cells, nuclei, and red blood cells. The
supernatant was then centrifuged at 10,000 X g for 10 min to
give the mitochondrial pellet which was resuspended in 20 ml of
0.25 m sucrose and recentrifuged at 10,000 X g for 10 min. The
resulting washed mitochondrial pellet was suspended in a small
volume of 0.25 m sucrose to give a concentration of 15 to 30 mg
of protein per ml.

For the determination of cholesterol side chain cleavage ac¬

tivity, 0.2 ml of the mitochondrial suspension was added to 3.3
ml of triethanolamine buffer (13), pH 7.3, containing 8 /um 2a-
cyano-4,4,17a-trimethyl-17/3-hydroxy-5-androstene-3-one (cya-
noketone), an inhibitor of steroid 3/S-ol dehydrogenase (14, 15).
After a 5-min preincubation at 28°, 20 /xl of 2 m isocitrate were
added to start the reaction. At 0, 2, 5, and 10 min, 0.8-ml
aliquots of incubation medium were removed into tubes contain¬
ing 10 ml of methanol to stop the reaction. Because of the
presence of the cyanoketone, the sole product of cholesterol side
chain cleavage activity is 3/3-hydroxypregn-5-ene-20-one (preg¬
nenolone) (8, 16). [7-3Ii]Pregnenolone (0.01 fid; 25 Ci per
nmole; New England Nuclear) was added as internal standard
for each sample to be analyzed and steroids were extracted and
separated by thin layer chromatography on silica gel (17).
Radioactive peaks were located using a Varian Aerograph radio-
scanner. The areas corresponding to pregnenolone were scraped
off the plates and the steroid extracted from the silica gel with
10 ml of chloroform-methanol (1:1, v/v). The amount of preg¬
nenolone in the extracts was determined by radioimmunoassay
using the method described by Eergon et al. (18).

Difference spectra were obtained using an Aminco-Chance
split beam-dual wave length spectrophotometer. An aliquot of
mitochondria was diluted in triethanolamine buffer, pH 6.0, to
give approximately 0.6 mg of protein per ml. Cyanoketone
(2.5 /um) was added to inhibit steroid 3/3-ol dehydrogenase ac¬

tivity, then pregnenolone (29 /im) was added, and the modified
type II difference spectrum (A.42o:A39o) was determined. De¬
oxycorticosterone (54 jum) was then added to the cuvette and
the type I difference spectrum (A390 :A42o) was determined.
Previous studies in our laboratory and elsewhere (19, 20) had
shown that pregnenolone does not interfere with the deoxy-
corticosterone-induced type I difference spectrum. All steroids
were added in small volumes of ethanol.

The concentration of cytochrome P-450 in each sample was
determined after reducing the cytochrome with sodium dithionite
and gassing with carbon monoxide for 90 s. The levels of cyto¬
chrome P-450 were calculated using the millimolar extinction
coefficient of 91 determined by Ornura and Sato (21).

Aliquots of the concentrated mitochondrial preparations were

placed in quartz EPR tubes and frozen in liquid nitrogen. EPR
spectroscopy and quantitation of signals were done as previously
described (22). Estimates of the amounts of high spin forms of

cytochrome P-450 were made by comparison of the product of
the heights and the square of the widths of the signals at g = 8,
to those obtained from a purified preparation of cytochrome
P-450cnm (22).

Mitochondrial protein was measured by the method of Lowry
et al. (23). Blood corticosterone was determined by the fluores¬
cence method of Silber et al. (24).

besults

Serum Corticosterone Levels—The serum corticosterone levels
for the untreated rats was 4.7 ± 0.27 Mg/100 ml. The uni¬
formly low serum corticosterone levels in anesthetized untreated
rats indicated that the hypophysectomies had been complete.
Following treatment with ACTH, the serum corticosterone level
rose to 28.3 ± 1.65 /rg/100 ml.

Cholesterol Side Chain Cleavage—The cholesterol side chain
cleavage activity of capsular adrenal mitochondria from un¬
treated rats was considerably greater than that of decapsulate
mitochondria. Both capsular and decapsulate adrenal mito¬
chondria from ACTPI-treated rats showed enhanced activity of
side chain cleavage when compared with corresponding mito¬
chondria from untreated animals (Fig. 1). The side chain
cleavage activity of the decapsulate adrenal mitochondria from
ACTH-treated rats was 11-fold greater than that from the un¬
treated animals during the initial 2-min rapid phase of pregneno-

TTME OF INCUBATION (min)

Fig. 1. Pregnenolone formation from endogenous precursors in
mitochondria isolated from capsular and decapsulate portions of
adrenals from untreated and ACTH-treated hypophysectomized
rats. Mitochondria were incubated at 28° in triethanolamine
buffer, pH 7.3, in the presence of cyanoketone and isocitrate as
described under "Experimental Procedure." Protein concentra¬
tions were: untreated capsular (□), 1.38 mg per ml; untreated
decapsulate (O), 1.85 mg per ml; ACTH-treated capsular (ij),
1.40 mg per ml; ACTH-treated decapsulate (•), 1.75 mg per ml.
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lone formation. In contrast, capsular adrenal mitochondria
only showed a 5-fold increase at this time period.

Absorption Spectroscopy—Data from the difference spectra of
adrenal mitochondria from capsular and decapsulate glands are
shown in Table 1. The pregnenolone-induced modified type II
difference spectrum is characterized by an increase in absorb-
ance at 420 nm and a decrease in absorbance at 390 nm. This

type of absorbance change is indicative of a transition of the
ferric heme protein from a high spin to a low spin form (25).
The magnitude of the change upon addition of pregnenolone is
an indirect measure of the cholesterol side chain cleavage cyto¬
chrome P-450 which is present in the mitochondrial preparation
in the high spin form (7, 8).

A larger type II spectral change was observed in the capsular
mitochondria from untreated rats than in the decapsulate mito¬
chondria from these animals. Following ACTH treatment,
there was a much greater increase in the type II spectral change
in the decapsulate mitochondria than in the capsular mitochon¬
dria. As can be seen in Table I, the type II spectral change
for the decapsulate mitochondria from ACTH-treated rats was
6 times larger than that for the decapsulate mitochondria from
untreated rats. On the other hand, there was only a 3-fold
increase in the type II spectral change of the capsular mito¬
chondria from ACTH-treated as compared to untreated animals.

The type I spectral changes observed upon the addition of
deoxycorticosterone to the mitochondrial preparations is also
shown in Table I. This spectral change is characterized by a
decrease in absorbance at 420 nm and an increase in absorbance
at 390 nm, and is indicative of a low to high spin transition of
the heme (26). The type I spectral change is a measure of the

Table I

Cytochrome P-450 concentrations and steroid-induced spectral
changes of capsular and decapsulate adrenal mitochondria

Adrenal mitochondria (approximately 0.6 mg of protein per ml)
were suspended in triethanolamine buffer, pH 6.0. Spectra were
measured in an Aminco-Chance spectrophotometer operating in
the dual wave length mode, with monochromators set at 420 and
390 nm. The base-line was recorded and absorbance differences
were measured after the addition of each of the following: 2.5 aim
cyanoketone, 29 yU pregnenolone, and 54 yu deoxycorticosterone.
For the determination of cytochrome P-450 concentration, the
monochromators were set at 450 and 490 nm and the change in
absorbance between the reduced hemoprotein and its carbon
monoxide derivative was measured (20).

Group Cytochrome P-450 Type II
spectral change

Type I
spectral change

nmoles/mg protein AA uo-m/tmole
P-450 X 101

AAm-m/nmole
P-450 X 101

Untreated

Capsular 0.97
0.90

8.6
10.3

45.6
44.2

1.20 6.6 49.3

Decapsulate 1.30
1.30

3.7
3.7

53.6
48.9

1.55 3.5 51.7

ACTH-treated

Capsular 1.15
0.89

20.6
26.7

45.1
44.2

1.13 27.3 46.4

Decapsulate 1.31
1.18

19.8
20.8

49.5
49.1

1.57 19.5 49.4

11/3-hydroxylase cytochrome P-450 which is present in the low
spin form. There was usually a small decrease in this spectral
change in the decapsulate and capsular mitochondria following
ACTH treatment. The type I spectral change was consistently
smaller for the capsular mitochondria than for the decapsulate
mitochondria.

Based on adrenal mitochondrial protein concentration, the
cytochrome P-450 levels were always lower in the capsular than
in the decapsulate preparations. However, there was no change
in the levels of cytochrome P-450 following treatment of the
animals with ACTH for the short period of time used in these
experiments. The amount of capsular tissue is much smaller
than that of the decapsulate tissue such that only about 15% of
the total cytochrome P-450 of adrenal mitochondria was present
in the capsular portion of the gland. This percentage is un¬
doubtedly an overestimate due to contamination of capsular
tissue with decapsulate tissue.

EPR Spectroscopy—Fig. 2 depicts the low field portion of the
EPR spectra of the mitochondria from capsular and decapsulate
adrenal tissue from untreated and ACTH-treated animals. Pres¬
ent evidence supports the concept that the g = 8.2 signal cor¬
responds to the high spin cholesterol side chain cleavage cyto¬
chrome P-450 and the g = 7.9 signal represents the high spin
11/3-hydroxylase cytochrome P-450 (27).

The g = 8.2 signal was very small in spectra obtained with the
decapsulate mitochondria from untreated rats and was only
slightly larger in the mitochondria from the capsular tissue of
these animals. There was a large increase in this signal in the
decapsulate and capsular glands following treatment with ACTH.
As can be seen in Table II, the increase in g = 8.2 signal was
about 8-fold following ACTH treatment in the decapsulate
mitochondria and about 2-fold in the capsulate mitochondria.
Even after ACTH treatment, it is noticeable that the percentage
of mitochondrial cytochrome P-450 which is the high spin cyto¬
chrome P-450 cholesterol complex is not high.

Capsular

~ ^ Dnypox + ACTH

Hypox

g=8.2 ^ ^ g=7.9

Fig. 2. Low field portion of EPR spectra obtained from mito¬
chondria of the capsular and decapsulate portions of adrenals of
hypophysectomized rats, which had been pretreated with 0.9%
NaCl solution or ACTH. Conditions of EPR spectroscopy were
as follows: microwave power, 9 milliwatts; frequency, 9.18 GHz;
modulation amplitude, 12.5 Gauss; temperature, 8°K; scanning
rate, 100 Gauss per min; time constant, 1 s. The final amplifier
gain was the same for all samples. The protein concentrations of
individual samples in milligrams per ml were: capsular, hypophy¬
sectomized (Hypox), 14.3; capsular, hypophysectomized + ACTH,
25.3; decapsulate, hypophysectomized, 22.7; decapsulate, hy¬
pophysectomized + ACTH, 30.5. A signal-averaging computer
was used to accumulate four spectra from each sample.
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Table II

High spin cytochrome P-450 in capsular and decapsulale adrenal
mitochondria as determined by EPR

Spectra were obtained under the conditions listed in Fig. 2.
Concentrations of high spin cytochrome P-450 were estimated as
described under "Experimental Procedure," and the ratio of high
spin heme to spectrophotometrically determined P-450 is pre¬
sented here.

Group g = 8.2 signal g = 7.9 signal

nmole/nmole P-450

Untreated

Capsular 0.031 0.039

Deeapsulate 0.008 0.024
ACTH-treated

Capsular 0.065 0.087

Decapsulate 0.064 0.191

DISCUSSION

The action of ACTH to stimulate corticosteroidogenesis ap¬

parently involves activation of adrenal cortical adenylate cyclase
(28, 29) and of a protein kinase (30). These events evidently
precede any modulation of the steroid biosynthetic pathway.
Subsequently it appears that it is the cholesterol side chain
cleavage step of corticosteroidogenesis which is then activated
(2-4). Recent studies (7, 27) have indicated that adrenal mito¬
chondria isolated from stressed rats show an increased EPR

signal around g = 8 as well as an increased rate of pregnenolone
formation from endogenous cholesterol. This signal is similar
to that of the high spin substrate-bound cytochrome P-450 iso¬
lated from Pseudomonas putida (22). Closer examination of this
low field signal of rat adrenal mitochondria (27) has shown that
it consists of two components, one appearing at g = 7.9 and the
other at g = 8.2. The magnitude of the signal at g = 7.9 is
greatly enhanced when deoxycorticosterone is added, a finding
similar to that of Whysner et al. (26). On the other hand, addi¬
tion of high concentrations of pregnenolone prior to EPR spec¬
troscopy causes the disappearance of the signal at g = 8.2 in
rat adrenal mitochondria. It has been further observed2 that
addition of cholesterol to acetone-extracted adrenal mitochon¬
dria from hypophysectomized rats causes an increase in the
signal at g =8.2. These data are consistent with the interpreta¬
tion that the signal at g = 7.9 is that of 11/3-hydroxylase cyto¬
chrome P-450 in the high spin form, i.e. substrate-bound, whereas
the signal at g = 8.2 is that of cholesterol side chain cleavage
cytochrome P-450 in its high spin form. In the light of these
findings, the increase in the g = 8.2 signal brought about by an
increase in the blood ACTH level can now be interpreted as

indicating that ACTH action on the adrenal cortical cell leads
to an increase in flux of cholesterol through the side chain cleav¬
age cytochrome P-450 system.

The visible absorbance spectrum of partially purified choles¬
terol side chain cleavage cytochrome P-450 isolated from the
bovine adrenal cortex (25) is almost identical with that of the
high spin cytochrome P-450cam (31). Titration of this soluble
adrenocortical cytochrome P-450 with pregnenolone yields an
absolute absorbance spectrum with a maximum shifted from
393 to 416 nm. This latter spectrum very closely resembles
that of substrate-free low spin cytochrome P-450cam- This
shift in absorbance maximum results in a modified type II differ¬

2 W. H. Orme-Johnson, H. Beinert, J. Alfano, and A. C.
Brownie, unpublished observations.

ence spectrum, i.e. one with a peak at 420 nm and a trough at
390 nm. For rat adrenal mitochondria, an increase in the type
II spectral change is associated with stress (7, 8) and this is
correlated with an increase in the high spin form of cholesterol
side chain cleavage cytochrome P-450 as measured by EPR
spectroscopy (7). Thus the substrate-bound form of side chain
cleavage cytochrome P-450 can be measured both by visible
absorbance spectral changes and by EPR spectroscopy.

We have studied the effects of ACTH and its withdrawal on

the cholesterol side chain cleavage system in the different func¬
tional zones of the rat adrenal cortex. The greater sensitivity
of the zona fasciculata-reticularis to the withdrawal of ACTPI
was evident from the visible spectral changes and the EPR
measurements of adrenal mitochondria from hypophysectomized
rats. The type II spectral change and the g = 8.2 signal were
much smaller in the mitochondria from the decapsulate gland
when compared to those from the capsular gland. Following
ACTH treatment, however, the decapsulate mitochondria
showed a greater increase in both type II spectral change and
in the g = 8.2 signal than did capsular adrenal mitochondria.
This difference was also apparent in the rates of pregnenolone
formation by the capsular and decapsulate adrenal mitochondria
isolated from the two groups of animals (Fig. 1). These differ¬
ences were evident despite the known contamination of the
capsular adrenal tissue by decapsulate tissue (12) when these
zones are separated by the method of Giroucl et al. (9).

ACTH treatment of hypophysectomized rats also led to an
increase in the magnitude of the g = 7.9 EPR signal (Fig. 2)
especially in the adrenal mitochondria isolated from decapsulate
tissue. An explanation for this may be that ACTH increases
the concentration of endogenous deoxycorticosterone (32) or
progesterone in the mitochondria. Both of these steroids bind
to the low spin form of 11/3-hydroxylase cytochrome P-450 to
give an increase in the g = 7.9 signal. However, despite this
increase in binding of substrate to 11/3-hydroxylase cytochrome
P-450, the activity of steroid 11/3-hydroxylase is not affected by
ACTH (8), in contrast to our finding that the rate of cholesterol
side chain cleavage is increased.

The greater effect of ACTH on the decapsulate adrenal mito¬
chondria would be expected since the evidence is that the zona
fasciculata-reticularis is wholly under the control of this hor¬
mone whereas the zona glomerulosa is affected by a number of
other factors (33-38). The increase in the cholesterol side
chain cleavage reaction that is observed in the capsular tissue is
probably responsible for the increased aldosterone production
which has been reported following acute ACTH treatment (39,
40). It seems clear that differences in rates of steroid production
by the different zones of the adrenal gland in response to ACTH
are a reflection of differences in the response of the cholesterol
side chain cleavage reaction to this hormone.
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Cholesterol Side-Chain Cleavage Activity and Levels of
High-Spin Cytochrome P-450 in Adrenal-Regeneration
Hypertension (ARH)
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ABSTRACT. Whatever steroids are involved in
the pathogenesis of adrenal-regeneration hyper¬
tension (ARH), cholesterol side-chain cleavage
(SCC) activity is a prerequisite for their syn¬
thesis. Both cholesterol SCC and 11 P-hydroxylase
activities were compared in our experiments. By
combining the use of cyanoketone, a 3P-ol de¬
hydrogenase inhibitor, with a sensitive radioim¬
munoassay for pregnenolone, we were able to
measure pregnenolone formed from endogenous
cholesterol in adrenal mitochondrial incubations.
The results from a quiescent sacrifice indicated
greater SCC activity in the ARH group (0.7S
nmoles prognenolone/minute/mg protein) than in
controls (0.43 nmoles pregnenolone/minute/mg
protein). This was related to the significantly
greater (p < 0.001) amount of SCC cytochrome

P-4S0 in the high spin state observed in adrenal
mitochondria from the ARH group (determined
by the pregnenolone-induced modified Type II
spectral, change). After ether stress, both control
and ARH groups had comparable amounts of
high-spin SCC cytochrome P-450 and pregneno¬
lone formation (2.5 nmoles pregnenolone/min/
mg protein). llP-Hydroxylase activity was lower
in adrenal mitochondria from the ARH group
(10.8 ± 0.35 nmoles corticosterone/min/mg pro¬
tein) than in controls (14.0 ± 0.18 nmoles cor¬
ticosterone/min/mg protein). Therefore, at 25
days postoperatively, cholesterol SCC activity has
been restored in the ARH group while 110-
hydroxylase activity remains impaired. (Endo¬
crinology 94: 336, 1974)

STUDIES by Rapp (l) and Brown et al.(2) appear to support the original hy¬
pothesis of Brownie and Skelton (3) that
11-deoxycorticosterone1 (DOC) is involved
in the pathogenesis of adrenal-regeneration
hypertension (ARH) (4). Also in support
of this hypothesis are the observations of
Gallant and Brownie (5) who found that 3
weeks after adrenal enucleation, regenerating
adrenal mitochondria have less cytochrome
P-4S0 and steroid llP-hydroxylase activity
than control adrenal mitochondria.

On the other hand, in vitro incubation

Received March 8, 1973.
1 Trivial names and abbreviations: DOC (11-

deoxycorticosterone); B (corticosterone); 18-
hydroxy-DOC (18,2 l-dihydroxypregn-4-ene-3,20-
dione); pregnenolone (3P-hydroxypregn-5-en-20-
one); llP-hydroxyprogesterone (11 P-hydroxypregn-
4-ene-3,20-dione); 11-dehydrocorticosterone (llp,21-
dihydroxypregn-4-ene-3,ll,20-trione).

Cyanoketone (2a-cyano-4,4,17«-trimethyl-androst-
5-en-17P-ol-3-one) was kindly supplied by Sterling
Winthrop Laboratories.

ARH: adrenal-regeneration hypertension.
SCC: side-chain cleavage.

studies by Birmingham et al. (6) suggest
that 18-hydroxy-DOC might be an important
etiological factor in ARH although studies
by Rapp (7) on peripheral plasma 18-hy¬
droxy-DOC levels after 4 weeks of regenera¬
tion do not support this idea. However, the
progression of the hypertension after this
time, when DOC levels are returning to nor¬
mal, may be sustained by the increased se¬
cretion of 18-hydroxy-DOC (8,9).

Regardless of the specific steroids in¬
volved, the ability of adrenal cortical cells to
synthesize and ultimately secrete any corti¬
costeroid depends on the activity of choles¬
terol side-chain cleavage (SCC). Chart et al.
(10) have shown that daily administration
of aminoglutethimide for 7 weeks to adrenal-
enucleated rats decreases the severity of the
hypertension. Aminoglutethimide is an in¬
hibitor of cholesterol SCC activity (11) and
therefore steroidogenesis. Thus, secretion of
steroids, including etiological steroids in
ARH, could have been impaired sufficiently
to prevent the development of marked hyper¬
tension in these rats even after 7 weeks.

336
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In the present study we have determined
cholesterol SCC activity in normal and re¬
generating adrenal cortical mitochondria by
radioimmunoassay of the pregnenolone
formed from endogenous cholesterol and this
has been correlated with the levels of high-
spin cholesterol side-chain cleavage cyto¬
chrome P-450.

Materials and Methods

Animal studies

Six-week-old female rats of the Holtzman
strain were used throughout. The rats were di¬
vided into two groups. The control group had a
right nephroadrenalectomy. The other group had
a right nephroadrenalectomy and a left adrenal
enucleation as described by Skelton (4). Follow¬
ing the surgical procedures, the rats were fed
Laboratory Chow ad libitum and given 1% so¬
dium chloride as drinking solution. They were
maintained in individual cages in several rooms
at 22 ± 1 C with a 12-hr light/dark cycle. Blood
pressures were measured in lightly anesthetized
rats as previously described (12).

In the first experiment animals from both
groups were killed under quiescent conditions 25
days following operations. Seventeen controls
and 18 adrenal-enucleated rats were distributed
among 3 animal housing rooms, were handled
daily, and finally killed by decapitation in a
quiet area removed from the animal housing
rooms. This was done at approximately 9 am
and all rats were killed and adrenals removed
within 15 min. In a second experiment 25 days
following the operations, 21 control and 22 adre¬
nal-enucleated rats were killed by decapitation
after 10 min of ether anesthetic stress (13).

Adrenals were trimmed free from adhering
fat, pooled and weighed. The adrenals were ho¬
mogenized in ice-cold 0.25m sucrose containing
0.001m EDTA, 0.02m nicotinamide and 0.015m
Tris buffer, pH 7.4, using a Potter-Elvehjem type
glass/Teflon homogenizer. Mitochondria were
obtained by differential centrifugation (14) and
were washed twice with 0.25m sucrose. The final
washed mitochondrial plug was suspended in a
small volume of 0.25m sucrose to give a concen¬
trated suspension (approximately 17.0 mg pro¬
tein/ml). Mitochondrial protein was measured
by the method of Lowry et al .(15).

Cytochrome P-450 studies. An aliquot of the

concentrated mitochondrial suspension was di¬
luted with 0.015m triethanolamine buffer (16),
pH 6.0, to give a final concentration of 0.40 mg
protein/ml. The cytochrome P-450 content in
this suspension was determined by bubbling CO
into dithionite-reduced mitochondrial suspension
in a cuvette and recording the spectral change
(AA450-400); the extinction coefficient deter¬
mined by Omura and Sato (17) was used in the
calculations.

Spectral changes induced by steroids were ob¬
tained using an Aminco-Chance spectrophotom¬
eter operating in the dual wavelength mode
(18). Cyanoketone (2.5 um) was added to in¬
hibit steroid 3(3-ol dehydrogenase (19,20); then
pregnenolone (29 um) was added and the mod¬
ified Type II spectral change (AA420-390) was
recorded. DOC (54 [im) was then added to the
cuvette and the Type I spectral change (AA390_
420) recorded. In our laboratory and elsewhere
(21) it has been shown that pregnenolone does
not interfere with the DOC-induced Type I
spectral change. All steroids were added in very
small volumes of ethanol.

Determination of steroid llfi-hydroxylase activ¬
ity. Aliquots (0.05 ml) of the concentrated mito¬
chondrial suspension were added to incubation
flasks containing 4.9 ml of 0.015m triethanol¬
amine buffer, pH 7.3. DOC was added in 0.05
ml of ethanol to give a final concentration of 60
[am and preincubation carried out for 5 min at
37 C in air. At this time, an aliquot (1 ml) was
removed and isocitrate (5 mm) added to provide
reducing equivalents for ll(3-hydroxylation (16,
22). Further aliquots were removed after 1, 3
and 5 min of incubation and these were placed
in 20 ml screw cap tubes containing 0.5 ml of
0.5% mercuric chloride solution. The samples
were then extracted with 10 ml of methylene
chloride and corticosterone in the extracts mea¬

sured by the fluorimetric method of Silber et al.
(23).

Determination of cholesterol SCC activity. Ali¬
quots (0.2 ml) of the concentrated mitochon¬
drial suspension were added to incubation flasks
containing 3.3 ml of 0.015m triethanolamine buf¬
fer, pH 7.3. Cyanoketone (8 pM) was added and
the flasks were preincubated in air at 28 C for 5
min. An aliquot (0.8 ml) of the incubation mix¬
ture was then removed and isocitrate (11.4 mM)
added as a source of reducing equivalents. Fur-
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ther aliquots were removed after 2, 5 and 10
min of incubation and placed immediately into
SO ml conical centrifuge tubes containing 10 ml
of methanol. Pregnenolone-7-3H (25,000 dpm;
SA = 25 Ci/mmole; New England Nuclear)
was added as a tracer to correct for procedural
losses. Steroids were extracted as previously
described (24).

The presence of the cyanoketone prevents fur¬
ther metabolism of pregnenolone to A4-3-keto-
steroids. Thus, cholesterol SCC activity could
be assayed by measurement of the pregnenolone
formed from endogenous cholesterol during the
incubations (25,26). A sensitive radioimmuno¬
assay method for measurement of pregnenolone
was developed.

Pregnenolone radioimmunoassay
Solvents and reagents. Reagent grade chloro¬
form, ethyl acetate, absolute methanol, acetone
(Baker Chemical Co.), hexane (Fisher Scien¬
tific Co.) and dichloromethane (Eastman Ko¬
dak) were purified as described by Bush (27).
Propylene glycol (lab grade; Fisher) and tolu¬
ene (spectroquality; Matheson, Coleman and
Bell) were used without further purification.

A 0.1% gelatin phosphate buffer was pre¬
pared by dissolving 1 g of gelatin (Knox, un-
flavored) in 1 liter of 0.14m phosphate buffer,
pH 7.0, containing 0.15m sodium chloride and
0.015m sodium azide. A dextran-coated charcoal
suspension (28) was prepared by mixing 2.5 g
of charcoal (Norit A, Pfanstiehl Lab.) and
0.25 g of dextran (T-70, Pharmacia) in 1 liter
of gelatin phosphate buffer.

Antibody. An antiserum prepared in rabbits to
a bovine serum albumin conjugate of pregneno¬
lone^-hemisuccinate was used.2 The antiserum
was diluted with gelatin phosphate buffer to a
final dilution of 1:7000.

Thin-layer chromatography. The mitochondrial
extracts were transferred to precoated Kiesel-
guhr F-254 plates (Brinkmann Instruments),
20 X 20 cm, 250 p in thickness, which had been
impregnated in propylene glycol-acetone, 6:94.
The plates were then developed in the system

2 The antiserum was kindly supplied by Dr. Ian
Thorneycroft. Current address: Dept. of Obstetrics
& Gynecology, U.S.C. Medical Center, Los Angeles,
California 90033.

hexane-toluene, 85:15, saturated with propylene
glycol.

After drying, the pregnenolone was located
by scanning the plate with a Varian Aerograph
Thin-Layer Scanner. The pregnenolone areas
were scraped from the plates into methanol-
washed, cotton-plugged, Pasteur pipettes and
eluted with methanol to a final volume of 2 ml.
A 0.10 ml aliquot was taken for recovery de¬
termination and another aliquot was dried over
propylene glycol and diluted with gelatin phos¬
phate buffer. Appropriate aliquots at different
dilutions were transferred to assay tubes.

Standard solutions of pregnenolone were pre¬
pared by drying pregnenolone over propylene
glycol and diluting with gelatin phosphate buf¬
fer. Aliquots were pipetted in triplicate into the
assay tubes in amounts ranging from 0 to
2000 pg.

Radioimmunoassay. All assay tubes were di¬
luted to 0.20 ml with gelatin phosphate buffer.
Antibody preparation (0.10 ml) was added to
all tubes; the tubes were vortexed and then
0.10.ml (25,000 dpm) of tritiated pregnenolone
added. After vortexing, the assay tubes were
incubated at room temperature for 20 min and
at 4 C for 3 hr. One ml of the dextran-coated
charcoal suspension was added to the assay
tubes. The tubes were vortexed and then cen-

trifuged at 4 C for 15 min at 2000 rpm; the
supernatant was decanted into scintillation vials
(Packard) and counted following addition of
10 ml of counting solution (4 g PPO, 0.04 g
POPOP: Amersham/Searle, and 25 ml BioSolv:
Beckman, per liter of toluene) in a Packard Tri-
Carb Scintillation Spectrometer with a tritium
efficiency of 41% and a background of 16-20
cpm. The samples were read from the standard
curve (Fig. 1) and pregnenolone levels were
calculated after correction for procedural losses.

Reliability of the pregnenolone radioimmuno¬
assay.

1. Recovery. For 107 samples, the recoveries
averaged 60.20 ± 8.56 percent (sd).

2. Accuracy and precision. Aliquots (0.10 ml)
of a rat mitochondrial suspension in 0.25m su¬
crose were pipetted into 50 ml conical centrifuge
tubes and diluted to 0.80 ml with 0.015m tri-
ethanolamine buffer, pH 7.3. Tritiated pregnen¬
olone, 25,000 dpm, was added for measurement
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Table 1. Reproducibility of the pregnenolone radioimmunoassay

Pregnenolone
added

ng

Number of
determinations

Pregnenolone
recovered

ng SD sem CVi (%)
0 6 ND2 — —

100 6 103.4 5.8 2.39 5.6
200 6 210.5 16.8 6.87 8.0
400 6 388.0 27.2 11.12 7.0
800 6 825.4 32.7 13.34 4.0

1 Coefficient of variation.
2 ND = not detectable.
Varying amounts of pregnenolone were added to samples of mitochondria and pregnenolone assays carried

out as described in Materials and Methods section.

of procedural losses. Varying amounts of preg¬
nenolone were added to these tubes (n = 6 for
each amount). These samples were then pro¬
cessed through the method described above and
the results are shown in Table 1. Regression
analysis of this data gave the line y = 1.03x —

3.1.

3. Specificity. The cross reaction of the preg¬
nenolone antiserum with several adrenal steroids
is shown in Table 2. Rf values of these steroids
in the thin-layer chromatographic separation
employed to isolate pregnenolone are also in¬
cluded in this table. It can be seen that preg-

Table 2. Cross reaction and thin-layer chromato¬
graphic studies

Cross reaction
Steroid (%) Rf

Pregnenolone 100 53.3
Progesterone 10.87 88.0
1 lfi-Hydroxyprogesterone 0.33 13.3
DOC 0.33 36.7
11-Dehydrocorticosterone 0.004 6.7
B 0.003 2.3
18-Hydroxy-DOC 0.003 1.5
Aldosterone <0.001 1.5
Cholesterol <0.0001 96.7
Cyanoketone <0.0001 26.6

% Cross reaction =

ng of pregnenolone
that displaced 50%
3H-pregnenolone

ng of steroid tested
that displaced 50%
3H-pregnenolone

mean distance steroid migrated (cm)
solvent front (15 cm)

R,=

X 100.

X 100.

Solvent system: hexane-toluene (85:15) saturated
with propylene glycol.

nenolone is well separated from progesterone,
the only steroid tested which cross reacts ap¬
preciably with the antiserum.

4. Sensitivity. The standard curve was plotted
as percent bound vs the logarithm of pregneno¬
lone standards and the zero hormone tube was

considered as 100% bound. At the 95% confi¬
dence limit, the least amount of pregnenolone
that theoretically could be distinguished from
zero has varied from 10 to 20 pg.

5. Blanks. Mitochondrial aliquots from pooled
samples were extracted, and pregnenolone assays
carried out at typical sample dilutions. These
samples did not have pregnenolone detectable
within the limits of sensitivity of the standard
curve.

Fig. 1. The per¬
cent tritiated preg¬
nenolone bound is

plotted against the
logarithm of the
mass of pregneno¬
lone standard.
When no cold
pregnenolone was
added, the per¬
cent bound was

considered as

100%. Each point
represents the
mean of tripli¬
cate determina¬
tions ±sn. At the

anti-body dilution
used (1:7000)
65% of the preg¬
nenolone-^ was

bound.

nWT
PUOMNOLONI (PICOGRAMS)
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Table 3. Spectral changes and cytochrome P-4S0 in adrenal mitochondria

Quiescent Ether-stressed
Control ARH Control ARH

Type II spectral change<a)
AA42o-3oo/nmole P-4S0 X 103

Type I spectral change (b)
AA390_420/nmole P-450 X 103

Cytochrome P-4S0<C)
nmoles/mg protein

Cytochrome P-4S0
nmoles/adrenal

Cytochrome P-4S0
nmoles/mg adrenal

11.3 ±0.33* 18.1 ±0.37
n ='5 n = 5

(p < 0.001)

49.1 ± 0.33 47.4 ± 0.51
n = 5 n = 5

(p < 0.05)

1.38 1.05

1.29 0.75

0.024 0.015

32.1 ± 0.56 33.2 ±0.73
n = 4 n = 4

(NS)
45.5 ± 0.55 38.7 ± 1.25

n = 4 n = 4

(p < 0.005)

1.37 0.99

1.46 0.62

0.030 0.015

* Standard error of the mean; p is the level of significance of the difference between controls and ARH
groups for a 2-tailed t test; NS = not significant; n = no. of replicates.

<a> Type II spectral changes were determined by adding 2.5 hm cyanoketone and 29 pm pregnenolone to
mitochondria (about 0.4 mg protein/ml) suspended in triethanolamine buffer, pH 6.0, in a cuvette in the
Aminco-Chance spectrophotometer operating in the dual wavelength mode.

<b' Type I spectral changes were determined by adding 54 pm DOC to the above mitochondrial suspension.
<c> Cytochrome P-450 was determined as described in Materials and Methods.

Results

Blood pressure
Blood pressures measured 21 days post¬

operatively indicated that the ARH groups
had significantly higher blood pressure than
controls (p < 0.001). The control for the
quiescent experiment averaged 107 ± 1.8®
mm Hg (n = 17) compared to 145 ±2.3
(n = 18) for the ARH group; a compar¬
able difference was observed between con¬

trol (104 ± 1.8, n = 21) and ARH (141 ±
2.7, n = 22) groups in the ether-stressed
experiment. No significant difference was
noted in body weights between the various
groups.

Mitochondrial cytochrome P-450 studies
The steroid-induced spectral changes of

adrenal mitochondria from the various

groups are shown in Table 3. The pregneno-
lone-induced modified Type II difference
spectrum is characterized by an increase in
absorbence at 420 nm and a decrease in

3 sem.

absorbence at 390 nm. This type of change
is indicative of a transition of the ferric ion
in the heme protein from a high-spin to a
low-spin form (29). The magnitude of the
change upon addition of pregnenolone ap¬
pears to be an indirect measure of the cho¬
lesterol side-chain cleavage cytochrome P-
450 which is present in the mitochondrial
preparation in the high-spin form (18,26,
30).

In the quiescent-kill experiment, the
magnitude of the Type II spectral change
was significantly greater in the regenerating
adrenal mitochondria (p < 0.001). Both
control and ARH groups in the ether-stress
experiment showed an increased Type II
spectral change in adrenal mitochondria. The
control group had a 3-fold increase and the
ARH group a 2-fold increase compared to
the quiescent experiment, resulting in no
difference between the regenerating and
control adrenal mitochondria after stress.

The Type I spectral changes observed
upon the addition of DOC to the mitochon¬
drial preparations are also shown in Table 3.
This spectral change is characterized by a
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decrease in absorbence at 420 nm and an

increase in absorbence at 390 nm, and is
indicative of a low- to high-spin transition
of the iron in the heme protein (31). The
Type I spectral change is a measure of the
1 lp-hydroxylase cytochrome P-4S0 which is
present in the low-spin form. It is apparent
that the Type I spectral change of regener¬
ating adrenal mitochondria was significantly
less than that of control mitochondria in the

quiescent and ether-stress experiments. The
Type I spectral change of control adrenal
mitochondria is always decreased following
stress (18) and this was again seen in the
present study. The regenerating adrenal
mitochondria from the stress experiment
had an even lower Type I spectral change
than control stress adrenal mitochondria.

The concentration of cytochrome P-450
in regenerating adrenal mitochondria, when
expressed per mg protein, was approxi¬
mately 70% of that in control adrenal
mitochondria.

Cholesterol SCC activity
Regenerating adrenal mitochondria had a

higher rate of cholesterol SCC than corre¬
sponding controls in the quiescent-kill ex¬

periment (Fig. 2). Following ether stress,
the initial rate of cholesterol SCC was

higher in control adrenal mitochondria.
Cholesterol SCC could also be considered

in relation to the concentration of cyto¬
chrome P-4S0 present in the mitochondrial
preparations and since the regenerating
adrenal mitochondria had a lower cytochrome
P-4S0 concentration than control, the dif¬
ferences between the two groups in the qui¬
escent-kill would be even greater. A better
index of SCC activity could be obtained if
the pregnenolone formed could be expressed
in relation to SCC cytochrome P-450. Al¬
though we did not attempt to separate mito¬
chondrial cytochrome P-4S0 fractions, we
did note the previous observation (26) that
the amount of high-spin SCC cytochrome
P-4S0 could be used as an indication of SCC
activity. Pregnenolone formed in relation to
the amount of high-spin SCC cytochrome
P-4S0 complex is shown in Fig. 2. This re¬
calculation did not affect the results from
the ether stress experiment where the levels
of high-spin SCC cytochrome P-450 (Type
II spectral change) were similar in control
and regenerating adrenal mitochondria.
However, in the quiescent-kill experiment

■THIK-STMMID

Fig. 2. In the panel on the
left, pregnenolone formation is
expressed per mg protein from
in vitro adrenal mitochondrial
incubations. The incubation I
flasks contained 0.20 ml of the °

concentrated mitochondrial sus- o

pension diluted to 3.5 ml with £
0.015m triethanolamine buffer, f
pH 7.3, and 8 FM cyanoketone. ;
Protein concentrations were 5
0.80 mg/ml (control) and 0.66 §
mg/ml (ARH) for the quies- S
cent sacrifice and 0.92 mg/ml *
(control) and 0.67 mg/ml
(ARH) for the ether-stress
sacrifice. After 5 min of pre¬
incubation at 28 C under air,
an 0.80 ml aliquot was removed for zero time determination; 11.4 mm isocitrate was added as a source of re¬

ducing equivalents. Subsequent aliquots were removed at 2, 5, and 10 min. Zero time was subtracted from
all values. In the panel on the right, pregnenolone formation is expressed in relation to the amount of side-
chain cleavage cytochrome P-450 in the high-spin state. The pregnenolone formed per mg of protein was di¬
vided by the units of pregnenolone-induced Type II spectral change per nmole of cytochrome P-450.
♦Values on the ordinate are times 10~5.

TIMI (MINUTIS) 1IMI (MINUTIS)
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the recalculation in terms of high-spin SCC
cytochrome P-450 reversed the relationship
between SCC activities of the control and
ARH groups.

These studies indicated a degree of par¬
allelism between the amount of cholesterol
SCC cytochrome P-450 in the high-spin
state and the rate of pregnenolone formation
from endogenous cholesterol.

1 ^-Hydroxylase activity
ll|3-Hydroxylase activity was measured

as nmoles of corticosterone produced per
minute per mg mitochondrial protein. The
ARH' groups at this time had lower 11(3-
hydroxylation rates than controls. In the
quiescent-kill experiment, the regenerating
adrenal mitochondria had an activity of
10.8 ± 0.36 (sem) whereas the rate for
controls was 14.0 ± 0.18. In the ether-stress

experiment, the rate of corticosterone pro¬
duction was 9.7 ± 0.22 in regenerating
adrenal mitochondria and 11.8 ± 0.21 for
controls.

Discussion

The literature is replete with studies on
cholesterol SCC activity in the adrenal cor¬
tex. Many of these studies involve incuba¬
tions with labeled cholesterol and the mea¬

surement of the labeled products formed.
However, the problem of adequate mixing
of added cholesterol with endogenous cho¬
lesterol pools has made accurate measure¬
ment of such activity difficult (26,32). In
the single previous study of cholesterol SCC
in regenerating adrenals, Ichii et al. (33)
determined activity by measuring labeled
isocaproic acid formed after incubation with
labeled cholesterol. These results indicated
that after 20 days of regeneration, adrenals
had 50% of the cholesterol SCC activity of
controls.

In the present studies it has been possible
to measure cholesterol SCC by determining
the pregnenolone formed from endogenous
cholesterol. The incubations have been car¬

ried out in the presence of cyanoketone so
that pregnenolone was the sole product (25,

26) and the pregnenolone was measured by
a sensitive and accurate radioimmunoassay
method. Johnson et al. (34) have also de¬
scribed a radioimmunoassay method for
measuring pregnenolone formation in rat
adrenal mitochondria.

The study was carried out 25 days after
adrenal enucleation. At this time the adrenal-
enucleated rats have significantly elevated
blood pressures. Adrenal mitochondria were
used since they contain the cholesterol SCC
enzyme system (35) which is a steroid
hydroxylase complex involving cytochrome
P-450 (24,36). Our results indicate that at
this time regenerating adrenal mitochondria
have greater SCC activity than controls.
Although the degree of significance of the
difference between regenerating and control
adrenals could not be determined because
multiple incubations were not performed, an
indication of the relative cholesterol SCC
activities of the two groups has been estab¬
lished. From other work in our laboratory,
we have noted that cholesterol SCC activity
(nmoles pregnenolone/min/mg protein) in
the ARH group is 89% of controls at 18
days postoperatively.

The biphasic time course of pregnenolone
formation noted in our cholesterol SCC
studies agrees with previous SCC observa¬
tions with bovine adrenocortical mitochon¬
dria (37) and rat adrenocortical mitochon¬
dria (26,38); the initial rapid formation of
pregnenolone is followed by a slower rate
of SCC. Koritz and Kumar (38) have pro¬
posed that the rate of SCC is affected by
feedback inhibition from accumulated preg¬
nenolone in the mitochondria and that
ACTH stimulates SCC by triggering the
removal of pregnenolone from the mitochon¬
dria.

However, incubation studies by Farese
(25) with adrenal sections, using cyanoke¬
tone in the incubation medium to prevent
further metabolism of pregnenolone, indi¬
cated that the accumulated pregnenolone
apparently did not affect cholesterol SCC.
This observation is also supported by the
work of Simpson et al. (26) who noted that



7864

3. Karaboya
462

4. Billiar, B
Acta 104,

5. Simpson, I
275

6. Wilson, L
1621

7. Brownie,
G. S„ (
Biochem.

8. Simpson, I
G. S. (It

9. Giroud, C
Proc. So

10. Ayres, P.
J. F. (19

11. Sheppard,
Endocrir

12. Tait, S. A
Tait, J.

13. Cammer, 1
Biophys.

14. Ferrari,
Acta 77,

15. Goldman,
(1965) E

16. Farese, B
17. Simpson, ]

Eur. Bit
18. Bergon, i

Endocrit
19. Mitani, F
20. Jefcoate,

A. C., a
Sci. 212,

21. Omtjra, T
22. Tsai,B.,"

H
CHOLESTEROL SIDE CHAIN CLEAVAGE IN ARH 343

the SCC rate was greater in adrenal mito¬
chondria isolated from stressed rats com¬

pared to cycloheximide-treated rats although
the mitochondrial pregnenolone levels in
stressed rats was greater. Our findings of
over a 3-fold increase in pregnenolone for¬
mation after ether stress, even with the in¬
creased accumulation of pregnenolone, tend
to concur with the aforementioned observa¬
tions. Although we do not rule out the inhib¬
itory role of large concentrations of preg¬
nenolone on SCC, it is doubtful that this
plays a significant role in our incubation
conditions.

Simpson et al. (37) propose that the ini¬
tial rapid rate of SCC seen is due to the me¬
tabolism of cholesterol already complexed
to SCC cytochrome P-4S0 in the high-spin
state to pregnenolone and SCC cytochrome
P-450 in the low-spin state. The low-spin
cytochrome P-450 probably combines slowly
with cholesterol to form an "active com¬

plex." Thus, the rate of cholesterol SCC in
adrenal mitochondria may be limited by the
rate of transport of cholesterol to SCC cyto¬
chrome P-450. Further studies have shown
that one action of ACTH is to increase the

high-spin form of SCC cytochrome P-450
in which cholesterol is bound to the enzyme
(18,26,30). The quantitation of this high-
spin cholesterol-bound SCC cytochrome
P-450 involves both electron spin resonance
spectroscopy and spectral changes measured
by light absorption spectrophotometry (18,
30). In the present investigation, the signifi¬
cantly higher Type II spectral changes ob¬
served in the regenerating adrenal mito¬
chondria as compared to controls would be
consistent with there being more cholesterol-
bound cytochrome P-450. This would pre¬
sumably be due to prolonged ACTH-stimu-
lation in the adrenal-enucleated rats (39)
and would be expected to result in the
higher rates of cholesterol SCC seen in
these regenerating adrenal mitochondria.
EPR measurements carried out on regener¬
ating adrenal mitochondria at the 2 5-day
time period indicated the presence of a
significant g = 8.2 signal. It is this low field

signal which has been equated with the cho¬
lesterol-bound SCC cytochrome P-450 (18).

Brownie et al. (30) have shown that
ether stress will increase the amount of

high-spin SCC cytochrome P-450. Our find¬
ings indicate that the adrenal-enucleated
rats are able to respond to ether stress re¬

sulting in a further increase in the amount
of high-spin SCC cytochrome P-450 and a
concomitant increase in pregnenolone for¬
mation. Control and regenerating adrenal
mitochondria had essentially equivalent lev¬
els of high-spin SCC cytochrome P-450 and
SCC activity after ether stress, with the
controls showing the greater percentage in¬
crease compared to the quiescent study.

The data from the quiescent and ether-
stress experiments indicated a degree of
parallelism between pregnenolone formation
and the amount of high-spin SCC cyto¬
chrome P-450 (Type II spectral change).
However, the rate of cholesterol SCC de¬
pends on several factors, such as the gen¬
eration of NADPH. Therefore, to have an
accurate indication of SCC activity, we rec¬
ommend that pregnenolone formation be [
measured rather than simply determining
the Type II spectral change.

Our results indicate that at a time when
cholesterol SCC activity in regenerating
adrenal mitochondria is above normal, ste- !
roid liP-hydroxylase activity is lower than
in controls. This was associated with a lower

Type I spectral change in regenerating adre¬
nal mitochondria. This latter finding is con- (
sistent with there being an accumulation of
DOC in regenerating adrenals and binding
of this intermediate to low-spin liP-hy-
droxylase cytochrome P-450. The complete
answer as to why steroid liP-hydroxylase |
activity is lower in regenerating adrenals is
not known at present, although the obser¬
vation has been made4 that the generation .

of reducing equivalents in regenerating '
adrenal mitochondria is lower than in con¬

trols. There is evidence that steroid 11(3-
hydroxylase is more sensitive than 21-hy-

4 Gallant, S., Ph.D. dissertation.
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droxylase to decreased levels of NADPH
(40,41); a similar difference may exist be¬
tween steroid 1 lfS-hydroxylase and the cho¬
lesterol SCC complex and influence adrenal
corticosteroidogenesis in the regenerating
adrenal. In addition to these considerations
of other components of the steroid hydroxy-
lating multienzyme system, the present
studies indicate that apparently more cho¬
lesterol is bound to SCC cytochrome P-450
in regenerating adrenal mitochondria at this
time period and this should result in a higher
rate of pregnenolone formation.

Mitochondrial cytochrome P-4S0 ex¬
pressed as nmoles per mg protein or per
adrenal was lower in regenerating than
in control adrenals. Both spectral studies
(Type II spectral change) and SCC mea¬
surements (pregnenolone formation) indi¬
cated that SCC cytochrome P-450 was re¬
stored to normal at this time period. The
lower total mitochondrial cytochrome P-450
noted in the regenerating adrenal at this
time may be an indication of ll(3-hydroxy-
lase cytochrome P-450 deficiency.

Thus, at a time when several studies
(1,2) have indicated that peripheral plasma
DOC levels are significantly elevated in rats
with adrenal-regeneration hypertension, we
have shown that cholesterol SCC activity
has been fully restored and 11 (3-hydroxylase
activity remains impaired. Pregnenolone is
being provided as a substrate for corticoste¬
roidogenesis but decreased 11 (1-hydroxylase
activity may result in the accumulation and
eventual secretion of increased amounts of

DOC, a potent hypertensive corticosteroid.
A recent study (42) has shown that rats
with ARH secrete more DOC in adrenal
venous blood than uninephroadrenalecto-
mized controls.
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ABSTRACT

A time course study to measure adrenal cortical function was
undertaken for the period prior to the development of hypertension
until the onset of hypertension in the adrenal-regeneration hyper¬
tension (ARH) model. Quiescent rat kills were used so that all
adrenal cortical parameters investigated would reflect basal or
resting levels for controls. Thus a more accurate determination
of the differences between control and experimental animals could
be made. A radioimmunoassay procedure for deoxycorticosterone was
developed to measure this steroid in individual rat serum samples.
Elevated serum deoxycorticosterone levels were observed in rats
with regenerating adrenals when they were killed under quiescent
conditions. This agreed with our recently reported in vitro finding
of restoration of cholesterol side chain cleavage activity while
lip-hydroxylase activity remained impaired 25 days after adrenal
enucleation. When rats were killed after ether stress, deoxycorti¬
costerone levels were elevated in both control rats and in rats
with regenerating adrenals but the difference was not significant.
In contrast, after ether stress serum corticosterone levels were
lower in rats with regenerating adrenals than in controls. These
studies, in conjunction with our previous i£ vitro findings, point
to the importance of deoxycorticosterone in the pathogenesis of
adrenal regeneration hypertension and help to explain the anomalous
corticosteroid secretion rate data found in this experimental hyper¬
tension model.

INTRODUCTION

The accumulation of deoxycorticosterone (2) when regenerating

rat adrenal homogenates were incubated with radioactive progesterone

led Brownie and Skelton (3) to suggest that increased adrenal secre¬

tion of DOC (2) was involved in the pathogenesis of adrenal regenera¬

tion hypertension (4). In vitro adrenal studies by Birmingham et al.

Volume 25, Number 3 ss tdboids March, 1975
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(5, 6) implicated increased secretion of 18-hydroxy-DOC (18,21-

dihydroxy-4-pregnene-3,20-dione) in ARH. However, in vivo studies

from the same laboratory indicated that adrenal venous 18-hydroxy-DO

secretion was lower in rats with regenerating adrenals compared to

sham-operated controls, but DOC secretion was greater than in uni-

nephroadrenalectomized controls (7). Both adrenal venous secretion

and peripheral plasma levels of DOC were elevated in rats with re¬

generating adrenals at a time when these rats were hypertensive (8)

and no significant difference in peripheral plasma 18-hydroxy-DOC

levels was observed between these groups at this time (9).

DOC has been reported to be the first steroid which is restored

to a normal level of adrenal secretion and this could sensitize the

rats to the mineralocorticoid effect of this steroid when there is a

deficiency of other adrenal steroids (10, 11, 12). Elevated peri¬

pheral plasma DOC levels were noted in ARH rats 3 weeks postoperativ

and these levels returned to control values in 7 weeks. Yet, the

blood pressures remained elevated in the ARH rats (13). The pro¬

gression of the hypertension at this time period could be explained

by the greater adrenal secretion rate of 18-hydroxy-DOC observed in

ARH rats 7 weeks postenucleation (12). Increased 18-hydroxy-DOC

to corticosterone ratios have been reported in peripheral plasma

and adrenal cell preparations 60 days postenucleation (14). Rats

genetically susceptible to salt-induced hypertension have elevated

adrenal mitochondrial 18-hydroxylase activity and an associated

increased secretion of 18-hydroxy-DOC (15). Furthermore, subcutan¬

eous injection of 18-hydroxy-DOC to salt-treated, uninephrectomized

rats elicits hypertension (16, 17) but peripheral plasma steroid



TBBOIDS 325

levels were not determined in these studies.

The present investigation reports the serum DOC and corticos-

terone levels from a period prior to the development of hypertension

until the onset of hypertension in the ARH model. These findings

represent the results of quiescent kills and thus best reflect

physiological differences between control and adrenal-enucleated

rats (18, 19, 20). Serum DOC and corticosterone levels are related

to the recently reported in vitro adrenal mitochondrial studies of

cholesterol side chain cleavage activity, substrate-induced spectral

changes with cytochrome P-450, and lip-hydroxylase activity for these

rats (20). The quiescent kill is compared with an ether-stress study

in terms of serum DOC and corticosterone levels, as well as adrenal

function measured in vitro (20).

MATERIALS AND METHODS

Solvents and Reagents: Dichloromethane (Eastman Kodak), methanol
(J. T. Baker Co.), petroleum ether (30-60°C fraction, J. T. Baker)
and ethanol (Commercial Solvent Corp.) were purified as described by
Bush (21). Assay buffer and counting solution were prepared as
described elsewhere (20).

Animal Procedures: Female Holtzman rats were used in all stud¬
ies. The rats were operated on, maintained, and killed as described
previously to ensure quiescent conditions (20). Twelve to 13 rats
were used per group, except for the 25 day quiescent and ether stress
studies which involved 17-22 rats per group. Blood was collected
in 15 ml plastic centrifuge tubes from the trunk of the rats after
decapitation by guillotine. The samples were centrifuged at 5000 rpm
in a Servall RC-2 refrigerated centrifuge and the serum was trans¬
ferred to screw cap vials and kept frozen until used for assays.

Corticosterone Determination; One-half ml of serum was pipetted
into 20 ml screw cap vials and diluted to 1 ml with distilled water.
Serum corticosterone levels were determined by a modified method of
Silber et al. (22). Blanks, standards, and samples were extracted
with 3 ml of petroleum ether. After centrifugation, the petroleum
ether supernatant was aspirated and the sample was then extracted
with 10 ml of methylene chloride. One ml 0.1N NaOH and 1 ml dis¬
tilled water washes of the methylene chloride extract were followed
by the combining of 5 ml of the methylene chloride extract with 4 ml
of fluorescence reagent (65 parts double-distilled ethanol:35 parts
of concentrated sulfuric acid). After shaking the tubes for 60
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minutes, the acid phase was read in a Turner Model 110 Fluorometer
using a 436 nm excitation filter and a 530 nm emission filter.
Deoxycorticosterone Assay:

Extractions One-half ml of serum was pipetted into 15 ml conic:
centrifuge tubes (Kimax). Deoxycorticosterone-l,2-^H, 2500dpm (Spe¬
cific Activity: 50Ci/mm. New England Nuclear) was added to each
sample in 0.10 ml of ethanol as a tracer for procedural losses. The
tritiated steroid was stored in benzene:ethanol, 9:1, at 4°C and its
purity was periodically checked by both paper (3, 23) and thin-layer
chromatography (20). The tubes were gently vortexed, extracted with
10 ml of methylene chloride, and centrifuged in an Adams-Dynac cen¬
trifuge for 10 minutes. The methylene chloride layer was transferre
to another 15 ml conical centrifuge tube with a 10 ml mini-pet (Mano
stat Corp.) and dried under a gentle stream of nitrogen in a 37°C
water bath. One ml of methylene chloride was used to wash down the
insides of the tubes; the samples were dried and kept at -22°C until
the thin-layer chromatography step.

Thin-Layer Chromatographys Six drops of methylene chloride:
methanol, 9:1, were added to each extract and the samples were left
at room temperature for 30 minutes prior to spotting to improve reco
ies (24); an additional 3 drops were used to complete the transfer.
Precoated Kieselguhr plates (20) were impregnated in propylene glyco
acetone, 6:94 (25) and DOC was spotted as a standard 2.5 cm from the
edge of each plate and 3 cm from -the nearest sample. After develop¬
ment of the plates (20), the DOC standard was visualized under an
ultraviolet lamp (Spectraline, Black Light Eastern Corporation).
Samples parallel to the standard were scraped from the plate, trans¬
ferred to methanol-washed, cotton-plugged, Pasteur pipettes, and
eluted with 2 ml of methylene chloridesmethanol, 9:1 (26)-. After
drying of the eluant, 1 ml of methylene chloride:methanol, 9:1, was
added to each sample. One-tenth ml was taken for recovery deter¬
mination after the samples- were vortexed. The remainder was dried
and dilutions were prepared for radioimmunoassay with 0.14M gelatin
phosphate buffer (20) containing 5% propylene glycol.

Radioimmunoassay of Deoxycorticosterone: A standard curve for
DOC ranging from 0 to 1000 picograms, with each tube in triplicate,
was used. All samples and standards were diluted to 0.20 ml with
the assay buffer. Then 0.10 ml of a 1:50,000 titer of antibody,
kindly supplied by Dr. Guy. E„ Abraham (27), and prepared in the
assay buffer, was pipetted into all tubes. The tubes were vortexed
and 0.10 ml (25,000 dpm) of tritiated DOC in assay buffer containing
5% propylene glycol was added to each tube. All remaining steps of
the assay are identical to the pregnenolone assay previously descrit
(20).

RESULTS

Reliability of the Deoxycorticosterone Radioimmunoassay

Accuracy Aliquots (0.50 ml) of pooled serum collected from

female Holtzman rats 7 days after adrenalectomy and ovariectomy were

pipetted into 15 ml conical centrifuge tubes. Tritiated-DOC (2500 c
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was added to each sample in 0.10 ml of ethanol as a tracer for"

procedural losses. Deoxycorticosterone in amounts of 0,1,2,4,8, and

16 ng was added to the tubes (n = 8 for each amount) in ethanol.

After processing the samples through the assay as described in the

Methods section, the amount of DOC recovered was calculated and com¬

pared to the amount add'ed (Table I). Linear regression analysis of

this data yielded the line y = 1.07X + 0.004 with a coefficient of

correlation of r = 0.998.

Precision The intra-assay precision was calculated from the

variation of replicates (28) in the accuracy study (Table I) and the

interassay precision was determined by measuring the DOC level in

pooled serum of 60 day old female Holtzman rats in 7 different assays.

The pooled serum to be assayed was frozen in 0.50 ml aliquots to

avoid constant thawing and freezing of the sample. Three aliquots

were run per assay and the interassay coefficient of variation was

calculated to be 9.8%>.

Recovery for 454 samples assayed for DOC, the recoveries have

averaged 59.46 4 8.21% (SD).

Specificity The cross reaction of the DOC antiserum with sever¬

al steroids is illustrated in Table XI. These steroids were assayed

in various amounts and the per cent cross reaction was determined as

described by Abraham (29). A thin-layer chromatographic isolation of

DOC was used because of the lack of specificity of the antibody. As

indicated in Table II, DOC was well-separated from progesterone

(which cross-reacted 100% with the antibody) and from other steroids

with any appreciable cross reaction. Some steroids may have a low

per cent cross reaction with the antibody but because of their high
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TABLE I

Reproducibility of the Deoxycorticosterone Radioimmunoassay

DOC* Number of DOC SD SEM Cy**
Added (ng) Determinations Recovered (ng)

0 8 ND*** - - -

1 8 1.29 0.13 0.05 10.'

2 8 2.24 0.20 0.07 8.

4 8 4.15 0.34 0.12 8.

8 8 8.13 0.28 0.10 3.

16 8 17.19 0.57 0.20 3.

* Varying amounts of deoxycorticosterone (21-hydroxy-4-pregnene-«3
20-dione) were added to 0=50 ml aliquots of pooled serum from
adrenalectomized, ovariectomized rats and the assay was carried
out as described in the manuscript.

** Coefficient of variation.
*** ND = not detectable (below the limit of sensitivity of the

standard curve.

concentration in plasma relative to DOC, such as corticosterone, an

overestimation of DOC levels would result if they were not separate

from DOC.

Sensitivity At the 95 per cent confidence limit, the least

amount of DOC that could theoretically be distinguished from zero o

the standard curve was 10-20 picograms (30).

Blanks Since the exact nature of "blanks" is unknown and blan

readings may not be uniform for the entire range of a standard curv

it would be erroneous to subtract (positive blanks) or add (negativ

blanks) blank readings to correct sample readings (31). Every effo

was made to eliminate blank readings prior to the regular use of th

assay procedure. Careful cleaning of extraction tubes and thin-lay

tanks as well as purification of solvents was essential. One of th

key factors appeared to be the thin-layer plates. When the procedu
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TABLE II Cross Reaction and Thin-Layer Chromatographic Studies

Steroid % Cross*
Reaction

r£**

Deoxycorticosterone 100 36.7

(21-Hydroxy-4-pregnene-3,20-dione )
Progesterone 100 88.0

(4-Pregnene~3,20-dione)
llp-Hydroxyprogesterone 9.06 13.-3

(lip-Hydroxy-4-pregnene-3,20-dione)
18-Hydroxydeoxycorticosterone 4.36 1.5

(18,2 l-Dihydroxy-4-pregnene-3,20-dione)
Testosterone 3.43 20.0

(17p-Hydroxy-4-androsten-3-one)
Corticosterone 2.96 2.3

(lip ,21-Dihydroxy-4-pregnene-3,20-dione)
Androstenedione 1.62 70.0
(4-Androstene-3,17-dione)
11-Dehydrocorticosterone 1.14 6.7

(21-Hydroxy-4-pregnene-3,11,20-trione)
17a-Hydroxyprogesterone 0.35 20.7

(17a-Hydroxy-4-pregnene-3,20-dione)
5a-Dihydrot esto st erone 0.33 27.7

(17p-Hydroxy-5a-androstan-3-one)
Aldosterone 0.14 1.5

(18,11 Hemiacetal of lip, 21-Dihydroxy-
3,20-dioxo-4-pregnen-18-al)

Estradiol 0.032 0.0

f 1,3,5 (10)-estratriene-3,17p-diol"i
Androstenediol 0.012 3.3

(5-androstene-3p,17p-diol)
Pregnenolone 0.099 53.3

(3p-Hydroxy-5-pregnen-20-one)
Estrone <0.001 0.0

r3p-Hydroxy-l,3,5 (10)-estratrien-17-one
'<0.0003Cholesterol 96.7

(5-Cholesten-3p-ol)

ng of DOC that displaced 50% 3H-DOC X 100
% Cross Reaction

ng of steroid tested that displaced 50% -^H-DOC

**r = mean distance steroid migrated (cm)
f —i r~c—T-7—^ x 100solvent front (cm)

Solvent System:Hexane;toluene (85sl5) saturated with propylene
glycol.
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was being developed, the appearance of a blank reading from thin-

layer plate eluants could not be avoided by prewashing of the plates

(methanol and methylene chloride were used), nor by eluting the

scraped thin-layer plate residue through neutral alumina or Sephadex

LH-20 packed into cotton-plugged Pasteur pipettes. Subsequently,

when thin-layer plates from different batches were used, the blank

was not detectable. Blank readings from water or serum from adrenal

ectomized, ovariectomized rats taken through the method have been

below the sensitivity of the standard curve at typical sample dilu-

used for all studies.

Adrenal Regeneration Hypertension Studies

Blood Pressures During the time period investigated (18-32 days

postoperative) the rats with regenerating adrenals had significantly

greater blood pressures than controls (p < 0.001, 2-tailed t-test;

Table III). At 32 days the ARH rats attained blood pressure levels

of 162 ± 5.5 (32) mmHg compared to 122 ± 2.8 mmHg for controls.

Serum Corticosterone Levels No significant difference was observed

in serum corticosterone levels between control and adrenal-enucleate1

rats for the quiescent kills (Tables III and IV).

Serum Deoxycorticosterone Levels DOC values, measured from individ¬

ual rat serum samples, were greater in the adrenal-enucleated rats

at all time periods studied (Figure I). The values were significant

ly increased by 22 days (p < 0.001,. Tables III and IV) and reached

3.89 ± 0.29 ng/ml for the ARH group compared to 1.74 ± 0.11 ng/ml

for controls at 32 days. This agrees with the peripheral plasma

DOC levels reported by Rapp (8) at 28-32 days on pooled plasma

samples and is markedly lower than the values reported by Brown et_ a.
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TABLE III

Level of Significance of the Differences Between Control and ARH
Groups After Quiescent Kills*

Time (Days) 18 22 25 28 32

BP (mmHg)** p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

DOC (ng/ml) NS*** p<0.05 p<0.001 p<0.001 p<0„001

B (p.g%) NS NS NS NS NS

*p is the level of significance of the difference between the means
for control and ARH rats for a 2-tailed Student's t test.

**BP = blood pressure (20); DOC = deoxycorticosterone (serum)
B = corticosterone (serum)

***NS = not significant (p>0.05)

TABLE IV

Serum Deoxycorticosterone and Corticosterone Levels in Adrenal
Regeneration Hypertension Studies.

Quiescent

CONTROL ARH

Time DOC* (ng/ml) B** (p.g%) DOC (ng/ml) B (p.g%)
(days)

18 1„24±0.13*** 7.3±1.8 1.92±0.31 10.1+1.4

22 1.29+0.14 8.3±2.4 2.13±0.29 9.511.6

25 1.70+0.11 12.1+1.7 3.50+0.26 11.4+2.0

28 1.56±0.15 10.2+2.0 3.48+0.35 11.8+2.0

32 1.74+0.11 11.9±2.0 3.8910.29 15.011.8

Ether-■Stressed

25 21.74±1.60 57.6±2.5 22.8211.6 41.1+1.6

* DOC = deoxycorticosterone (serum)
** B = corticosterone (serum)

*** SEM
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Ether Stress and Serum Corticosterone Levels As late as 12 weeks

after surgery, rats with regenerating adrenals have been shown to

have lower peripheral plasma corticosterone levels than controls in

response to stress (33). Ether anesthetic stress increases plasma

ACTH levels (34)., adrenocortical mitochondria:! cholesterol side

chain cleavage activity (20, 35, 36) and plasma corticosterone levels

(19). In a study performed 25 days after surgery, 10 minutes of

ether anesthetic stress increased the level of cholesterol-bound

side chain cleavage cytochrome P-450 in the high spin state and the

rate of cholesterol side chain cleavage activity in mitochondria

isolated from control and regenerating adrenals without affecting

llp-hydroxylase activity (20). Serum corticosterone levels were

increased in both groups after this stress, but the rats with re¬

generating adrenals did not respond as effectively as controls

(Table IV).

Ether Stress and Serum Deoxycorticosterone Levels Serum DOC levels

were significantly increased after ether stress (over 10-fold for

controls) and the DOC values were now essentially equivalent in both

groups (Table IV).

DISCUSSION

Deoxycorticosterone Assay

An efficient procedure for the determination of serum deoxy¬

corticosterone levels has been presented. The lack of specificity

of the antibody used necessitates an isolation of DOC but the thin-

layer procedure used is both rapid (20 minute impregnation in the

stationary phase tank and 20 minute development in the mobile phase

tank) and effective in separating DOC from interfering steroids.
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FIGURE 1

■ ARH

18 22 25 28 32
DAYS POSTOPERATIVE

Serum DOC levels in control and ARH rats after quiescent kills
at the times indicated. P is for a 2-tailed Student's t test.

Other papers have appeared in the literature describing competitive

binding procedures for DOC. All require an isolation of DOC because

of the lack of specificity of the assay. Paper chromatography

followed by a radioimmunoassay (37), thin-layer isolation of DOC

followed by protein binding (38), and sephadex LH-20 column isola¬

tion of DOC (14, 39) followed by the radioimmunoassay of DOC are

methods that have been published recently. Sephadex LH-20 columns

have the advantage of reusability and usually high recoveries.

However, in the two methods referred to that make use of this pro¬

cedure, DOC was not totally separated from progesterone (39) or

testosterone (14), both of which cross-reacted appreciably with the

antibodies used. Castro et al. (39) used an additional extraction
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step to eliminate most of the progesterone, but DOC recoveries were

decreased as a result of this* The assay system presented in this

publication involved an effective resolution of DOC from inter¬

fering steroids, including progesterone and testosterone. However,

this method was only used in female rat studies and the effective

isolation of DOC from the larger range of steroids that would be

encountered in measuring DOC in humans, as in the work of Castro

et jil. (39), was not studied. Some androgens were tested and they

were effectively separated from DOC in the system used (Table II)

and did not cross-react appreciably with the antibody. Until a

highly specific antibody to DOC is available, the method of choice

will be largely determined by the nature of the experiments to be

undertaken and the degree of accuracy, precision, sensitivity, and

efficiency needed.

Adrenal Regeneration Hypertension Studies

At the earliest time period investigated (18 days) cholesterol

side chain cleavage activity in mitochondria isolated from rats

with regenerating adrenals was essentially restored to normal while

llp-hydroxylase activity was still impaired at 25 days (20). Serum

DOC levels in the adrenal-enucleated rats were elevated by 18 days

(Figure 1) and significantly greater than controls at 22 (p < 0.05),

25, 28, and 32 days (p < 0.001); a high value of 3.89 ng/ml was

noted at 32 days. The elevated serum DOC values in the adrenal-

enucleated rats paralleled the in vitro findings of adequate pre¬

cursor (pregnenolone:3fS-Hydroxy-5-pregnen-20-one) provided for

corticosteroidogenesis but impaired llp-hydroxylase activity (20).

At one time period, 28 days postoperative, serum pregnenolone levels
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were measured using the same extraction procedure described for DOC

in this paper and a method analogous to that described for measuring

mitochondrial pregnenolone (20). Adrenal-enucleated rats had

elevated serum pregnenolone values (0.85 ± 0.13 ng/ml) compared to

controls (0.65 ± 0.08 ng/ml) but the difference was not significant.

Although lip-hydroxylase activity was impaired iii vitro in

regenerating adrenal mitochondria (20) serum corticosterone levels

were not significantly different from controls in the quiescent

kills. Apparently corticosterone synthesis is adequate in regenera¬

ting adrenals in vivo, especially in the presence of elevated ACTH

stimulation (40), to maintain normal levels. Elevated corticosterone

levels in rats with regenerating adrenals at 16-20 days have been

reported (40, 41, 42).

On the other hand, the response of adrenal-enucleated rats to

ether stress as indicated by increased serum corticosterone levels

was not comparable to controls 25 days after surgery. Skelton and

Hyde (33) demonstrated elevated corticosterone levels in control

and ARH rats after stress. The corticosterone levels in the ARH

rats were not as elevated as in controls even at 12 weeks post-

enucleation. Ten minutes of ether anesthetic stress, which has

been shown to elevate plasma ACTH (34) and corticosterone levels

(19), was used in our stress study. Adrenal-enucleated rats did not

respond as effectively as controls (Table IV) and this is consistent

with the lack of restoration of llp-hydroxylase activity at this

time (25 days). It is adequate to maintain basal levels of serum

corticosterone but cannot fully respond to the increased amount of

DOC substrate provided after ether stress.
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The elevated serum DOC levels observed after ether stress agrees

with the previous observations of both increased DOC secretion by

the human adrenal gland after ACTH (42, 43, 44) as well as elevated

peripheral plasma DOC levels after ACTH (35, 41). Increased per¬

ipheral plasma ACTH values reported after ether stress (34) would

explain the elevated adrenal activity (20) and serum adrenal steroid

levels in our study. Both control and adrenal-enucleated serum DOC

values were comparable after ether stress (Table IV).

Peripheral plasma DOC values reported by Brown et al. (13) for

ARH rats were greater than those reported in this paper and earlier

by Rapp (8). Differences in our findings could partially be explaine

by the method used in killing rats. We have attempted quiescent

conditions for killing rats to obtain basal or resting level values

for controls and a more accurate assessment of physiological diff¬

erences between control and ARH rats. Control levels of DOC report¬

ed by Brown et_ al_. (13) were 3-4 fold greater and adrenal-enucleated

rat plasma levels 9-fold greater than control and adrenal-enucleated

values in this study and in Rapp's investigation (8). Also, rats

of different strains and sizes were used in these studies. Our

ether-stressed serum DOC values did not reach the DOC levels of

the ARH group reported by Brown et al. (13).

18-Hydroxy-DOC levels were not measured in our study but other

laboratories have indicated reduced 18-hydroxy-DOC secretion in the

earlier stages of the pathogenesis of adrenal regeneration hyper¬

tension (7, 10, 12). Peripheral plasma 18-hydroxy-DOC levels com¬

parable to controls have been observed at 28-32 days (9) and

increased adrenal secretion of 18-hydroxy-DOC had been reported at
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7 weeks postoperative (12), when DOC levels have returned to normal

but the hypertension is still sustained (13)» The elevated 18-hydroxy

DOC secretion at this time may sustain the observed hypertension and

elevated 18-hydroxy-DOC to corticosterone ratios have been reported

in both peripheral plasma and adrenal cell preparations 60 days

postenucleation (14). Increased adrenal 18-hydroxylase activity

and secretion of 18-hydroxy-DOC was noted in rats genetically sus¬

ceptible to salt-induced hypertension (15) and the injection of 18-

hydroxy-DOC to salt-fed uninephrectomized rats has produced elevated

blood pressures (17) and hypertension (16)°

The possible role of pressor amines in DOC-acetate-induced hyper

tension has been under investigation in other laboratories. Rats

made hypertensive by the administration of DOC (10 mg/week, subcutan-

eously) after uninephrectomy had a decreased cardiac accumulation of

norepinephrine. A follow-up study (45) noted that the defect in

norepinephrine accumulation was in the storage and retention of

norepinephrine by granules in the sympathetic nerve. This could

result in increased amounts of physiologically active norepinephrine

being available to the receptor. De Champlain et_ al. (46) indicated

that norepinephrine could be involved in the pathogenesis o'f hyper¬

tension associated with the administration of DOC-acetate and 1%

saline for drinking fluid. Prior to the development of hypertension

in these rats there was a decreased ability of sympathetic nerve

endings to store norepinephrine in the sympathetic granules; this

is a major step in initiating deactivation of norepinephrine (47,

48). Therefore, a greater amount of physiologically active norepine¬

phrine could react with receptors in vascular tissue. Tobian and
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Redleaf (49) reported that treatment of rats with DOC-acetate and

sodium resulted in an increased amount of intracellular sodium in

the vascular tissues. An ionic change of this nature would increase

vascular reactivity to pressor substances (50) and Raab et al. (51)

have shown that sodium withdrawal decreased the pressor effects of

norepinephrine and DOC-acetate. Sodium balance was found to be a
t

key in regulating the norepinephrine storage capacity of the sym¬

pathetic neuron (46). At an early stage of hypertension (DOC-

acetate and salt model), 2-3 weeks after the onset of treatment,

administration of a sodium-free diet for t-wo weeks restored the

blood pressure as well as the storage capacity of the sympathetic

nerve granule of the rat to normal. Furthermore, administration of

DOC-acetate to the rats while they were being sodium-deprived did

not prevent the reduction in blood pressure nor the return to normal

storage capacity of the sympathetic nerve granules. Apparently the

interplay of DOC and sodium was necessary for the observed modified

vascular ionic balance and its concomitant effect on neural vascular

control. Oelsner and Skelton (52) found that the interplay of the

regenerating adrenocortical tissue and salt intake were important

in the development of ARH; salt intake has been demonstrated not to

be necessary for the development of ARH (53, 54) but it does ex¬

pedite the onset and increase the severity of the hypertension.

A sodium-retaining factor has been reported to be secreted by

the adrenal gland immediately after enucleation (55) but it has not

been identified. Aldosterone was not detected in adrenal venous

blood, peripheral plasma or adrenal incubates at this time. Both

Holzbauer et al. (10) and Grekin et al. (11) noted that the relative
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increase in DOC secretion rate compared to other adrenal steroids

could result in an exaggerated mineralocorticoid response and lead

to the increased salt retention observed in the first week post-

enucleation. Nonetheless, peripheral plasma DOC levels are essen¬

tially immeasurable immediately after enucleation (13).

Results from ARH studies have varied between laboratories. How¬

ever, rats of different sex, age, strain, and stage of ARH have been

used with concomitant differences in adrenal function, clearance of

plasma steroids, and susceptibility or resistance to salt-induced

hypertension (56, 57, 58, 59). Also, differences in in vitro pro¬

cedures used in these studies would help to explain the variations

noted in llp-hydroxylase activity in vitro (3, 5, 8, 14, 20) and

discrepancies in some studies between adrenal secretory rates and

peripheral plasma levels of DOC can be related to the stressful pro¬

cedure involved in collecting adrenal vein blood versus the minimally-

stressed conditions that can be used to collect peripheral plasma (8).

The data reported in this paper that was obtained under quiescent

kill conditions indicates a significant increase in serum levels of

DOC in rats with regenerating adrenals compared to controls. This

agrees with the in vitro adrenal mitochondrial studies done for these

rats (5). There is a lag in the restoration of lip-hydroxylase

activity relative to cholesterol side chain cleavage activity and

increased levels of serum DOC result in the early stages of ARH.

Several studies (8, 11, 12, 13, 20) now support the original hypo¬

thesis of Brownie and Skelton (3) that DOC is involved in the path¬

ogenesis of adrenal regeneration hypertension. The progression of

the hypertension after DOC returns to normal levels may be due to the
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increased adrenal 18-hydroxy-DOC secretion rates reported for the

ARH rats at 7 weeks (13) or represent a raetacorticoid state of hyper¬

tension (60).
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was a significant increase in serum DOC in ARH rats compared with controls
when sampled under quiescent conditions, this was not so following ether
anesthetic stress.

In order to assess the actual increase in DOC secretion in ARH one

would have to measure peripheral serum DOC levels at various times of
the day in view of the well known circadian rhythm for adrenal cortical
activity as manifested by changing serum corticosterone concentrations
(8). It is now well established (9,10) that the low point of the
circadian rhythm of corticosterone occurs close to the beginning of the
light period and the high point close to the beginning of the dark period
in the rat. In the present study serum levels of the zona fasciculata-
reticularis corticosteroids - corticosterone (B), DOC and 18-hydroxy-ll-
deoxycorticosterone (18-0H-D0C) - were determined at the high and low
points of the circadian rhythm in control rats and in rats following 2
weeks of adrenal regeneration. By relying on the extreme points in the
circadian rhythm to reflect physiological variations in ACTH, rather than
resorting to ether anesthetic stress, we would expect to obtain a good
indication of the overall status of DOC secretion.

Materials and Methods

Animal Procedures: Female Sprague-Dawley rats, five weeks of age, were
purchased from the Holtzman Co., Madison, Wisconsin. They were singly
caged in 3 animal rooms with controlled temperature (22±1C) and controlled
lighting (fluorescent illumination (0600-1800 h) ). At six weeks of age
half of the animals, designated as controls, were subjected to right nephro-
adrenalectomy. The other half, designated as the adrenal regeneration
group, underwent right nephroadrenalectomy and left adrenal enucleation
(11). In the latter procedure, a slit is made in the adrenal capsule
and the contents of the gland are extruded Tn situ. The blood supply is
left intact and the gland regenerates. All animals received Charles
River Chow ac[ 1 ibitum and 1% sodium chloride as drinking solution.

Two weeks following surgery half of the animals of each group were
killed by decapitation at 0800 h and blood was collected from the trunk
and allowed to clot. The serum was separated by centrifugation and then
stored at -20C until analyzed for steroid content. The same procedure
was repeated at 1800 h for the other half of each group. At the time of
the experiment, four persons entered each room in turn and each person
removed one rat. The animal was taken to the outside corridor, decap¬
itated and blood was collected from the trunk. The maximum time which

elapsed between entry into an animal holding room and the start of blood
collection from any rat was 12 seconds. A total of 12 rats (6 controls
and 6 adrenal regenerating) were killed at each time period over two days.
For ten days prior to the experiment each rat was removed from its cage
at 0830 and again at 1630 h and held for ten seconds. In our experience
this procedure conditions the animals to animal quarter entry, cage
opening and removal from cage.

Steroid Analyses:

11-Deoxycorticosterone: For the determination of DOC, a 0.5 ml
aliquot of serum containing 4000 dpm of 1,2 H-DOC (specific activity
50 Ci/mole, New England Nuclear) was diluted to 1.0 ml with distilled
water and then extracted with 10 ml of methylene chloride. The extract
was evaporated to dryness under nitrogen, dissolved in methylene chloride:
ethanol (1:1 v/v) and applied to Whatman No. 1 paper strips which had been
washed in a Soxhlet extraction apparatus with benzene and then methanol
(12). The paper chromatogram was equilibrated for 2 hours and then
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developed with cyclohexane:benzene:methanol:water (85:15:50:25 v/v).
Approximately 30,000 dpm tritiated DOC were placed on each outer strip to
serve as standards and then located with a Packard Model 7200 strip
scanner. A 4 cm section of each sample strip was cut out at the same
level as that of the standard (Rf = 0.6), and then eluted with 7 ml of
ethanol, dried under nitrogen and reconstituted with 1.0 ml of ethanol.
Aliquots were taken for recovery estimation and the level of DOC was
determined by a radioimmunoassay method previously described (7).

18-Hydroxy-DOC: Serum levels of 18-0H-D0C were determined by a
non-chromatographic radioimmunoassay method recently developed in our labor¬
atory (13). The antibody was obtained from rabbits immunized with 18-0H-
D0C-3-oxime conjugated to bovine serum albumin. It was used at a 1:40,000
final dilution. The antibody demonstrated minimal cross reactivity with
other steroids known to be present in peripheral rat blood and there was
no discrepancy between the levels of 18-0H-D0C determined with and without
chromatographic purification. The method is similar to the one described
by Sulon and Sparano (14) for human plasma but it has been modified and
adapted for the unique steroid profile that exists in rat blood. It in¬
volves the extraction of 0.2 ml of rat serum with methylene chloride, dry¬
ing of the extract under nitrogen and then incubation of the sample with
antibody and tritiated 18-0H-D0C (Amersham, Inc.) for 3 hours. Bound hormone
was separated from free hormone with a dextran-charcoal suspension (15).

Corticosterone: The levels of corticosterone in rat serum were deter¬
mined by extracting 0.1 ml of serum with methylene chloride and then apply¬
ing the direct radioimmunoassay procedure of Gomez-Sanchez et al (16).
The antibody to corticosterone was a gift from Dr. Gordon H. Williams,
Peter Bent Brigham Hospital, Boston, MA.

Results

The serum levels of B, 18-0H-D0C and DOC in control rats and in rats
with regenerating adrenals two weeks after surgery are shown in Table I.

TABLE I

Peripheral Serum Levels of DOC, 18-hydroxy-DOC and B in
Control Rats and Rats with Regenerating Adrenals

Time of

Group Blood n
Collection

Ug/dl

18-0H-D0C

Pg/dl

DOC

ng/ml

CONTROL

AR+

CONTROL

AR

0800 h

0800 h

1800 h

1800 h

9

12

11

12

3. 97±0.89*

6.17+1.00

47.28±5.05

8.95±0.87

0. 57±0.17

1.23±0.31

11.78±1.82

1.S0±0.21

1.5310.31

10.0812.67

5.3310.66

20.0912.71

X 1 SEM
t

AR = Adrenal Regeneration
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The low basal levels of all three steroids at 0800 h in control rats is
indicative of the achievement of quiescense in these animals. In rats with
regenerating adrenals the levels of B and 18-0H-D0C were higher but not
significantly different (p<0.1) from controls at this time period. In
contrast to these two steroids, the mean level of DOC at 0800 h in animals
with regenerating adrenals was 6.S times greater than and significantly
different (p<0.01) from the control group mean.

A circadian rhythm for B, 18-OH-DOC and DOC in control rats is evident
when the levels of these steroids at 1800 h are compared with those seen
at 0800 h (Table I). There were 12,20 and 3.5 fold increases in B,
18-0H-D0C and DOC respectively. A similar comparison for the group bearing
regenerating adrenals shows that there were only modest increases in B
and 18-0H-D0C. However, this group did show a 2 fold further increase
in DOC levels at 1800 h compared to the elevated levels present at 0800 h.
Moreover, the mean levels of DOC at 1800 h in rats with regenerating
adrenals were 4 times greater than in corresponding controls.

Discussion

These results are consistent with those of others (2,3,7), implicating
DOC in the etiopathogenesis of adrenal regeneration hypertension. The
elevated levels of DOC at 0800 and 1800 h in combination with a minimal
increase in B and 18-OH-DOC clearly point to a decrease in llg and 18-
hydroxylase activity in rats with regenerating adrenals. This decrease
is most evident at the high point of the circadian rhythm, a time when there
is a normal physiologic increase in ACTH levels. It is during this time
period that rats with regenerating adrenals are exposed to maximally elevated
levels of the mineralocorticoid DOC. These findings illustrate the import¬
ance of determining steroid profiles in quiescent animals and at various
times of the day. By taking into account physiological variations in
adrenal activity and adrenal responsiveness to stress, an accurate assess¬
ment of DOC secretion in the adrenal regeneration model of hypertension
was obtained.

The time period at which these studies were carried out precedes, by
one week, the onset of significant differences in blood pressures between
control and adrenal regeneration groups (11). However, the studies of
Brown et al (3), Rapp (2) and Bergon et al (7) have shown that basal levels
of DOC in plasma are significantly increased in rats bearing regenerating
adrenals when blood pressures are increasing into the hypertensive range.
The reason for a decrease in llg and 18- hydroxylation is obscure. It is
interesting to note, however, that tissue cultures of fetal adrenal cells
behave in a similar manner (17); the addition of ACTH rapidly increases
DOC secretion, whereas B and 18-OH-DOC secretion are observed only after
the differentiation of cells is morphologically evident. A similar mech¬
anism may be operating during adrenal regeneration hypertension since we
are dealing with newly formed adrenal tissue. We have previously shown
(18) that a progressive return of mitochondrial structure to normal coin¬
cides with an increase of llg and 18-hydroxylase activity and thus a greater
production of B and 18-OH-DOC.
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Studies on the Pathogenesis of Adrenal-regeneration
and Methylandrostenediol Hypertension

FLOYD R. SKELTON and ALEXANDER C. BROWNIE

TWO types of experimental endocrine hypertensive diseasehave been described, whose pathogenesis has intrigued stu¬
dents of this subject since they were first reported.

The first type is that which occurs in uninephrectomized, salt-
treated rats during regeneration of the adrenal cortex after enu¬
cleation of one adrenal and removal of the other (44). Despite the
fact that blood pressure elevation occurs during active regenera¬
tion when the mass of cortical tissue is considerably below normal
(13, 48), we have been convinced that the function of this regen¬
erating gland plays a primary role in the development of the
hypertensive state (49). This belief has been supported by the
observations that when adrenal regeneration is interrupted by
such procedures as hypophysectomy (46), the presence of the
opposite adrenal (46), or by the administration of corticosterone
(47) or testosterone propionate (25), the hypertension fails to
develop. When synthesis of steroid hormones by the regenerating
gland has been inhibited by either amphenone B (8) or diethyl
stilbestrol (51) the occurrence of hypertensive disease is also
obviated. Transplantation of the enucleated adrenal into the por¬
tal circulation, thus routing adrenal venous blood through the
liver before it enters the general circulation, also prevents the
occurrence of hypertension and vascular disease (10). The obser¬
vation that delayed regeneration of the adrenal cortex by
transplanting the capsule subcutaneously (9) or by leaving the
contralateral adrenal gland in place for a period of time before
removing it (9) is accompanied by a concomitant delay in the
production of the hypertensive disease has added further support
to the conviction that some functional activity of the regenerating
adrenal is concerned in the development of the hypertension.

The second type is that produced by the administration of
271
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methylandrostenediol [17 a-methyl-A5-androst-5-ene-3/3, 17/3-diol
(MAD)] to uninephrectomized rats drinking 1% sodinm chloride
solution (43). Since this compound is an androgen devoid of min-
eralocorticoid activity (16), it was originally thought that the
observation cast some doubt on Selye's hypothesis that hyperten¬
sive disease could result specifically from mineralocorticoid hyper¬
secretion by the adrenal. Subsequent studies of Salgado and Selye
(38, 39) showed that in the absence of the adrenal glands, MAD
did not produce hypertension and cardiovascular renal lesions.
This led them to postulate that MAD interfered with adrenal
cortical activity in such a way that excessive amounts of mineralo¬
corticoid hormones were secreted and these in turn induced the

hypertensive syndrome.
Many studies have been done to characterize the secretion pat¬

tern of regenerating adrenals in the hope of explaining adrenal-
regeneration hypertension and these have been considered at
length in a recent review (52). On the other hand few reports
concerning steroid biogenesis by adrenals from MAD-treated rats
have appeared (7, 37). Our studies in these areas have been lim¬
ited very largely to an examination of the in vitro conversion of
progesterone to corticosteroids by normal and regenerating adrenal
glands and by adrenals from rats treated with MAD. Since Saffran
has shown (36) that MAD is converted by the adrenal into methyl-
testosterone [17 a-methyl-17/3-hydroxy androst-4-ene-3-one (MT)],
our attention has been directed towards a similar examination of
the steroid biogenesis by adrenals from rats treated with this com¬
pound. In addition to these biochemical studies, the adrenal
tissues have been examined electron microscopically in attempts
to associate, at least, the functional changes with the ultrastruc-
tural appearance of the cortical cells.

Materials and Methods

In the studies on adrenal regeneration, immature female Holtz-
man rats have been used. All rats have had one kidney and one
adrenal removed, have been fed Purina laboratory chow and
allowed to drink 1% sodium chloride solution ad libitum. Rats
in experimental groups had the remaining adrenal enucleated
according to the procedure of Ingle and Higgins (19).
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In the MAD and MT studies, immature male and female
Holtzman rats were used. All rats were uninephrectomized, fed
Purina laboratory chow and given 1% sodium chloride solution
to drink ad libitum. Rats in experimental groups were injected
subcutaneously daily with 10 mg of MAD, either as a micro-
crystalline suspension in distilled water or in solution in corn oil.
MT was given at the same daily dosage as a subcutaneous injec¬
tion in corn oil. Control rats received injections of equal amounts
of the vehicle.

Adrenal homogenate incubations and steroid analyses were car¬
ried out according to previously described procedures (6). In sum¬
mary, these consisted of short-term incubation of adrenal homog-
enates with progesterone-4-14C in the presence of added fumarate
with or without supplemental NADP. Biosynthetic products such
as corticosterone, 18-hydroxy-l 1-desoxycorticosterone (18-OH
DOC) and 11-desoxycorticosterone (DOC) were then isolated by
paper chromatography and quantitated.

For electron microscopy, adrenals were prepared by two proce¬
dures. In one, the rats were killed by decapitation and the adrenal
glands removed immediately and minced in 4.5% glutaraldehyde
buffered with collidine or sodium phosphate to pH 7.3. After li/2
hours, the tissue fragments were removed and washed for 10-20
hours in buffer at pH 7.3, followed by fixation for an additional
11/2 hours in 3% osmium tetroxide buffered with collidine or
sodium phosphate to pH 7.3. The tissue was then washed for 15
minutes in 3 changes of collidine buffer and transferred into 70%
ethanol. After dehydration in graded concentrations of alcohol
and propylene oxide, the tissue fragments were embedded in Epon
or Maraglas.

In the other procedure, the adrenal gland was perfused for 10
minutes with 1% glutaraldehyde buffered with collidine or so¬
dium phosphate to pH 7.3, at the previously determined systolic
blood pressure of the rat. The gland was then removed, placed in
4.5% glutaraldehyde, and cut under a dissecting microscope into
blocks representing specific zones. The tissue was embedded in
Epon or Maraglas as for the minced tissue.

Sections were cut on a Porter-Blum ultramicrotome and stained
for 2 minutes in saturated uranyl acetate solution followed by 10
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minutes in lead citrate. The sections were examined in a Siemen's

Elmiskop I electron microscope.
Results

Adrenal Regeneration Hypertension
a) Steroid Biogenesis. In young male or female rats, a signifi¬

cant elevation of systolic blood pressure can be seen as early as
two weeks after enucleation; by five weeks after enucleation, hy¬
pertension is marked and accompanied by severe vascular disease
in the kidney, heart, pancreas, mesentery and brain (3). In the
present investigation, a comparative study was made of the ability
of normal and regenerating adrenals to metabolize progesterone-
4-14C at intervals of 2, 3 and 5 weeks after enucleation; 50 mg of
control and regenerating adrenal tissue was used per incubation
and incubations lasted for 10 minutes in the presence of added
fumarate alone and fumarate plus NADP.

The results are shown in Figure 1. It can be seen that adrenal
gland homogenates from all control rats formed more corticos-
terone than DOC when incubated only with fumarate; when
incubated with fumarate plus NADP, the preponderance of corti-
costerone over DOC was overwhelming. In contrast, the regener¬
ating adrenal gland homogenates produced predominantly DOC
with little corticosterone when incubated with fumarate alone.
When fumarate and NADP were used, the 3rd- and 5th-week
regenerated adrenals produced corticosterone and DOC compara¬
ble to that produced by control adrenals. However, there was
little effect of NADP on the activity of regenerating adrenals
removed at 2 weeks. These studies indicate that 21-hydroxylation
takes place readily in adrenal homogenates when 3- and 5-week
regenerating adrenals were used, whereas 11/3-hydroxylation pro¬
ceeds in a manner comparable to that of control glands only when
the homogenates are supplemented with NADP.

b) Electron Microscopy of Regenerating Adrenals. The ex¬
perimental conditions of uninephrectomy and increased sodium
chloride intake, which are conducive to the development of hyper¬
tension during adrenal regeneration, also bring about marked
atrophy of the zona glomerulosa of adrenals from control rats and
virtual absence of this zone in regenerated glands (45). For this
reason, our attention has been directed primarily to the ultra-
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Figure 1. Biosynthesis of corticosterone (B) and 11-desoxycorticosterone
(DOC) from progesterone-4-14C by normal and regenerating adrenal gland
homogenates (ARH), at 2, 3 and 5 weeks post operation. Progesterone-4-14C
(0.2 fj.c) was incubated with 50 mg of control and regenerating adrenal tissue
in 5 ml of Kreb's-Ringer-HC03 buffer containing sodium fumarate (100

mg%), with or without 1 mg NADP.

structural characteristics of zona fasciculata cells from both regen¬
erating and control adrenals. Since 1960, a number of reports on
the ultrastructure of the adrenal cortex of the rat have appeared
(26, 27, 29, 34, 35, 40, 60) so that no attempt will be made here to
duplicate the descriptions contained in those references. Further-
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Figure 4. Regenerating adrenal cortical cell 5 weeks after enucleation.
Mitochondria are increased in number and their content of vesicles also is

greater than at 2 weeks of regeneration. Endoplasmic reticulum dilated and
contains flocculent material. X 22,000.

more, our interest in the ultrastructure of the regenerated adrenal
cortical cells has centered around the mitochondria, since these
organelles are known to play a vital role in adrenal steroid hor¬
mone biosynthesis (5, 24, 54).

It is worth pointing out that the normal zona fasciculata is
<—

Figure 2. Electron micrograph of adrenal cortex from a control rat showing-
portions of 3 zona fasiculata cells—2 dark cells on the left and 1 light cell
on the right. The vacuoles (L) represent lipid droplets and the smaller
electron dense structures (P) are pigment bodies. Note the large number of

mitochondria (M) with tightly packed vesicles, x 5,500.
Figure 3. Regenerating adrenal cortical cell 2 weeks after enucleation.
Mitochondrial population is decreased. Vesicular cristae of mitochondria
also reduced in number and arranged around periphery. Sparse but dilated

endoplasmic reticulum present, x 28,000.
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composed of cords of cells arranged about sinusoids and that
"light" and "dark" cells can be recognized. Mitochondria are
generally round to oval and contain closely packed vesicles or
short tubulo-vesicular cristae (Fig. 2). In the regenerating adre¬
nals two weeks after enucleation, the most apparent difference
from control glands was the reduced number of "dark" cells and
in the regenerated cells themselves a decreased number of mito¬
chondria. These latter had a swollen appearance with abundant
electron lucid matrix (Fig. 3). The number of mitochondrial
vesicles was greatly reduced and they were predominantly in a
peripheral position. In addition, the characteristically smooth
endoplasmic reticulum of adrenal cortical cells was dilated and
cytoplasmic lipid vacuoles were virtually absent. Electron dense
material (lipid?) was present in the central matrix of some mito¬
chondria.

With increasing time after enucleation, the regenerated cortical
cells came more and more to possess a normal ultrastructural
appearance (Fig. 4). Mitochondria increased in number but con¬
tinued to show peripherally arranged vesicles in many, although
this characteristic became more difficult to observe as the number
of vesicles increased with time.

MAD Hypertension
a) Steroid Biogenesis. In these studies, the MAD-treated rats

and their controls were killed at 5, 12, 19, 25 and 32 days, treat¬
ment being given on only 5 days of each week. Homogenates of
the adrenal glands were incubated in the presence of progesterone-
4-uC for 10 minutes with added fumarate and NADP. The results
are shown in Figure 5.

It can be observed that at all time intervals control adrenal

homogenates converted practically all of the progesterone-4-14C
to corticosterone and 18-OH DOC. In contrast, the adrenals
from MAD-treated rats, while metabolizing the progesterone-4-14C
to the same extent as control adrenals, formed predominantly
DOC with relatively little corticosterone and 18-OH DOC.

b) Electron Microscopy of Adrenals from MAD-Treated Rats.
At the present time, no ultrastructural changes have been ob¬
served in adrenals from rats treated with MAD for 5 days. After
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Figure 5. Biosynthesis o£ corticosterone (B), 11-desoxycorticosterone (DOC)
and 18-hydroxy-corticosterone (18-OH DOC) from progesterone-4-14C (PROG)
by adrenal gland homogenates from control and MAD-treated rats at 5, 12,
19, 25 and 32 days. Incubation of 35 mg adrenal tissue with 0.2 p,c proges-
terone-4-14C in Kreb's-Ringer-Phosphate buffer (pH 7.4) containing sodium
fumarate (100 mg %); 1 mg NADP added to incubation flasks. Incubation

for 10 minutes at 37°C.

12 days, however, electron microscopic abnormalities have been
found, and with increasing duration of MAD administration the
changes have shown a general increase in severity and a more
widespread distribution. Nevertheless, it is difficult to construct a
rigid chronology of the alterations, since the sensitivity of indi¬
vidual rats to MAD differs considerably and various combinations
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Figure 6. Mitochondria of zona fasciculata cell in adrenal cortex of MAD-

treated rat (12 clays) showing elongated and irregular appearance. X 9,000.

of changes have been found in adrenals of rats treated for different
periods of time. It appeared that the earliest detectable change
occurred in the mitochondria, which became swollen or enlarged
and were often of irregular shape (Fig. 6). External limiting
membranes appeared less well-defined than normal and the num¬
ber of vesicles decreased. Tubular cristae having a clear continuity
with the internal limiting membrane became more characteristic
and as the mitochondrial appearance was further simplified these
showed a peripheral arrangement (Fig. 7). The matrix of the
mitochondria became more prominent and often contained elec¬
tron-dense material or laminated structures (Fig. 8).

Figure 7. Mitochondria of zona fasciculata cell in adrenal cortex of MAD-
treated rat (32 days) illustrate loss of internal structure and frequent periph¬

eral localization of residual tubulo-vesicular cristae (arrows). X 22,000.
Figure 8. Electron dense structures (arrow) in mitochondrion of zona fascic¬

ulata cell of adrenal from MAD-treated rat (32 days). x 35,000.
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Figure 9. Irregular C-shaped mitochondrion in zona fasciculata cell of MAD-
treated rat (32 days) enclosing adjacent mitochondrion. X 22,000.

Figure 10. Complex mitochondrial and membranous structure in zona
fasciculata cell of MAD-treated rat (32 days). X 29,000.



Figure 11. Reduced number of tubular and vesicular structures in mito¬
chondria of adrenal zona fasciculata cell from MAD-treated rat (32 days).

X 48,000.
Figure 12. Mitochondrion showing tubular structures arranged parallel to
external limiting membranes. Matrix is dense and contains short tubules and

a few vesicles (32 days). X 30,000.



Figure IS. Focal increase in amount of smooth endoplasmic reticulum show¬
ing some dilated cisternae (arrows) and few mitochondria (32 days). X 22,000.
Figure 14. Increased endoplasmic reticulum of zona fasciculata cell arranged

as whorls about central mitochondria. MAD-treatecl (32 days). X 24,000.



Figure 15. Electron dense body in cytoplasm of adrenal zona fasciculata cell
from MAD-treated rat (25 days). There is no definitive limiting membrane
about much of this structure, whereas other segments show a single thin

membrane (arrow), x 14,000.
Figure 16. Vacuole surrounded by a single membrane containing both
flocculent and membranous material in a zona fasciculata cell of adrenal.

MAD-trpafprl rnt (95 Hnvs\ X 97.500.
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One of the most striking changes was the enlargement, elonga¬
tion and bizarre appearance of many of the mitochondria. These
mitochondria assumed many shapes, ranging from simple irreg¬
ularities (Fig. 9) to complicated intertwining of several mitochon¬
dria (Fig. 10). The internal structure of these mitochondria also
showed considerable variation. In some, there was a prominent
matrix with few tubular cristae (Fig. 11), whereas others con¬
tained parallel arrays of tubules often arranged parallel to the
limiting membranes at one or more locations in the mitochon¬
drion (Fig. 12). This often gave a frayed appearance to the
mitochondrion and the membranes merged almost imperceptibly
with the surrounding smooth-surfaced endoplasmic reticulum.

Another striking change in these adrenals was an increase in
the smooth-surfaced endoplasmic reticulum (Fig. 13). In some
cells, this was seen as a focal mass of irregularly arranged tubules,
some of which were dilated while others were collapsed. In other
cells, the endoplasmic reticulum assumed a more structured pat¬
tern seen as whorls of parallel membranes arranged around a
central vacuole, electron-dense body, or mitochondrion (Fig. 14).

A prominent change in the cells of MAD-treated rats as seen
under the light microscope is the presence of bodies of variable
density often referred to as "colloid" or "hyaline" globules (38,
43). These have been seen with the electron microscope, also, and
differ in their appearance from dense homogeneous masses (Fig. 15)
to vacuoles containing granular, electron-lucid material (Fig. 16).
Characteristically, these are rather late changes and have a
complex morphogenesis that will be described more fully in
another communication (21).

MT Experiments
a) Steroid Biogenesis. Recent studies of Saffran (36) have

shown that MAD is converted by the adrenal cortex into MT and
the suggestion has been made that this compound is responsible
for the altered steroid biogenesis by the adrenal. If this is so, then
similarly altered steroid biogenesis should result from both in vivo
administration of MT to rats and in vitro addition of this andro¬

gen to incubations of normal homogenized adrenals. We have
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Figure 17. Biosynthesis of corticosterone (B), 11-desoxycorticosterone (DOC)
and 18-hydroxy-corticosterone (18-OH DOC) from progesterone-4-14C (PROG)
by adrenal gland homogenates from control and MT-treated rats at 6 weeks.
Incubation of 35 mg of adrenal tissue with 0.2 p.c of progesterone-4-14C in
5 ml Kreb's-Ringer-Phosphate buffer (pH 7.4) containing 100 mg % sodium
fumarate. Incubations for 10 and 20 minutes at 37 °C, with and without

added NADP (1 mg).
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examined both these circumstances and the results are shown in

Figures 17 and 18.
After six weeks of MT administration, it can be seen that the

ability of adrenal gland homogenates to metabolize progesterone-
4-14C was markedly impaired as compared with control adrenal

70-
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Figure 18. Biosynthesis of corticosterone (B), 11-desoxycorticosterone (DOC)
and 18-hydroxy-corticosterone (18-OH DOC) from progesteroneT-HC (PROG)
by normal adrenal gland liomogenates to which MAD and MT were added
directly to the in vitro incubation flasks. Incubation of 35 mg of adrenal
tissue with 0.2 fj,c of progesterone-T^C in 5 ml Kreb's-Ringer-Phosphate
buffer (pH 7.4) containing 100 mg % sodium fumarate. Incubation for 10

minutes, with and without MAD or MT added in 0.1 ml ethanol.
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homogenates, when incubation was for 10 minutes either with or
without added NADP. On the other hand, 20-minute incubations
of adrenals from MT-treated rats showed metabolism of proges¬
terone equal to that of control gland incubations. Under both
incubation conditions, however, corticosterone formation was

markedly impaired in the incubations of adrenals from MT-
treated rats and the major metabolic product was DOC.

When MAD and MT were added directly to the incubation
flasks of homogenates of normal adrenal glands, corticoid biosyn¬
thesis was unaffected by MAD whereas MT caused a decreased
formation of corticosterone and 18-OH DOC and an increased
accumulation of DOC.

b) Electron Microscopy of Adrenal Glands from MT-treated
Rats. Only preliminary observations can be reported at the pres¬
ent time on this aspect of our studies. In general, the changes
found in the adrenals of rats that had been injected with MT for
6 weeks bore many similarities to those observed in the adrenals
of MAD-treated animals. Thus, the mitochondria of the zona

fasciculata cells showed tubular or tubulo-vesicular cristae rather
than the vesicles of normal fasciculata cells. Mitochondrial size
varied considerably, many being enormously enlarged and of
irregular shape. Intertwining of several mitochondria was fre¬
quently seen. The smooth endoplasmic reticulum was increased
in amount, dilated, and formed into focal whorls of parallel mem¬
branes with a central mitochondrion or vacuole. Electron dense
bodies and large vacuoles containing flocculent material also were
present. As in the adrenals of MAD-treated rats, these appeared to
correspond to the "hyaline" or "colloid" bodies and cytoplasmic
vacuoles seen under light microscopic examination of the tissue.

Discussion

It is interesting that two such different experimental conditions as
adrenal cortical regeneration and MAD administration should pro¬
duce hypertensive vascular disease and that increased mineralocorti-
coid secretion by the adrenals should be invoked as the common
pathogenetic mechanism (39, 49). In both cases, the suggestions to
this effect were based, primarily, on the indispensability of adrenal
tissue for development of hypertensive disease (39, 48) and, second¬
arily, on the similarity between these syndromes and that produced
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by exogenous administration of desoxycorticosterone acetate (38, 49).
At the time these hypotheses were put forth, little direct evidence was
available to support them and in the period immediately following
their promulgation experimental data tended to negate their validity.
For example, corticosterone secretion was measured in adrenal venous
blood from regenerating adrenals and found to be lower than in
corresponding control rats (2, 17, 23, 58). Peripheral blood level of
corticosterone also has been determined at various times during adre¬
nal regeneration and only at 16 days was it slightly above normal (12).
Indeed, the level reached was far below what has been found neces¬

sary for corticosterone to produce hypertension even under the most
favorable circumstances (18). Corticosterone production has been
studied in vitro and again the output of regenerated adrenals has
been found to be below or about the same as that of control glands
(1,6,22,41,51).

Aldosterone secretion by regenerating adrenals has been studied
also by in vivo and in vitro methods similar to those employed for
corticosterone and uniformly found to be below that of normal con¬
trol adrenal glands (1, 2, 14, 22, 23, 41). Rapp (31) measured the
mineralocorticoid activity of steroids extracted from adrenal venous

plasma from both regenerating and intact adrenals and found that
bioassayed sodium-retaining activity was always less in rats with re¬
generating adrenals than in controls, irrespective of whether the ani¬
mals were drinking tap water or 1% saline. Somehow, this does not
seem to agree with the observations that aldosterone antagonists such
as SC-5233 (53) and SC-9420 (30) prevent the development of adrenal-
regeneration hypertension, observations that would suggest a patho¬
genetic role for sodium-retaining steroids.

The most logical evaluation of this data seems to be that neither
corticosterone (50) nor aldosterone overproduction can account for the
development of adrenal-regeneration hypertension. Other adrenal
steroids have been sought, therefore, in attempts to solve this perplex¬
ing problem. It is interesting to note that Masson et al. (23) found
DOC in incubations of 30-day regenerated adrenals in larger amounts
than in control adrenal incubations. Macchi and Wyman (22) re¬
ported that DOC production of regenerated adrenal autografts tended
to be higher than in control glands and identified 18-OH DOC and
18-OH corticosterone in incubates of normal and regenerated adre¬
nals; but they were unable to demonstrate any differences in the
production of these compounds. On the other hand, La Plante et al.
(20) found increased production of 18-OH DOC by regenerated adre-



Pathogenesis of Adrenal-Regeneration Hypertension 291

nals when these glands were incubated with progesterone-4-14C. Fur¬
thermore Birmingham et al. (1) have reported that regenerated
adrenal glands when incubated in vitro had a greater capacity to
respond to long-term ACTH stimulation with an increased production
of corticosterone and 18-OH DOC than did normal adrenals. These
data prompted Dr. Birmingham and her co-workers to suggest that
18-OH DOC may be playing some important role in the pathogenesis
of adrenal-regeneration hypertension.

The fact that adrenal-regeneration hypertension develops during
regeneration of the cortical tissue not after this reparative process has
been completed, always has suggested to us that if a derangement in
steroid biosynthesis is involved in the genesis of the hypertensive dis¬
ease it should be looked for prior to and at the time the blood pres¬
sure elevation is occurring. Furthermore, the amounts of steroid that
must be sought, identified, and quantitated are very small and this
difficulty alone has severely limited many of the investigations that
have been done in this field. For these reasons, we chose to study the
in vitro biosynthesis of corticosteroids from added radioactively-
labelled precursor at several time intervals during the regeneration of
the adrenal. The accumulation of DOC in large amounts in the
incubation of regenerating but not of control adrenals when fumarate
alone was used as cofactor indicates to us that 21-hydroxylation of
progesterone readily occurs in regenerating adrenals but that 11/3-
hydroxylation of the DOC formed thereby is abnormally low as
compared with control glands.

The 11/3-hydroxylation of corticosteroids is a mitochondrial func¬
tion (5, 24, 54) and like 21-hydroxylation (33) requires NADPH as
cofactor (15, 55). The resumption of normal steroid biogenesis by
incubates of regenerating adrenals removed at 3 and 5 weeks when
fumarate and NADP were used as cofactors suggests to us that in
regenerating adrenals there may be a deficiency in NADPH genera¬
tion. In normal adrenals, sufficient NADPH is generated in the
presence of fumarate alone to allow normal steroidogenesis to go on,
but in the regenerating adrenal this is not so. Thus, the concentration
of NADPH plays a vital role in the pattern of steroidogenesis, there
being sufficient cofactor available in regenerating glands to allow
efficient 21-hydroxylation of progesterone to DOC, but virtually no
11/3-hydroxylation of the DOC to corticosterone, so that DOC accu¬
mulates in large amounts. Several studies (28, 42) have indicated the
relationship between NADPH concentration and the nature of the
adrenal cortical hormones formed in normal rat adrenals. These work-
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ers found that when NADPH was low progesterone was converted to
DOC, which then accumulated and corticosterone production was
reduced.

The ultrastructural appearance of the mitochondria of regenerating
adrenal cortical cells correlates in a reasonable fashion with the bio¬
chemical observations. Thus, the most severe biochemical lesion was

observed after 2 weeks of glandular regeneration and at this time the
mitochondria were fewest in number in the regenerating cells and had
the smallest number of vesicular cristae with the largest amount of
matrix. As regeneration progressed through 3 and 5 weeks, the
severity of the biochemical lesion decreased and during this time the
number of mitochondria per cell increased and the internal structure
of these organelles returned towards a more normal appearance.
Rapid regeneration of new cells and cell structures such as occurs in
regenerating adrenal glands requires large amounts of NADPH (59).
Thus, there may be a limited availability of this essential cofactor to
support corticosteroid biogenesis, especially during the most active
period of cell multiplication. It is also possible that the simplification
of mitochondrial structure reduces the number of sites for enzymatic
reactions, thus limiting 11/3-hydroxylation. Another factor here may
be the concentration of the mitochondrial cytochrome P 450. In any
event, a correlation seems to exist between the restitution of more

normal mitochondrial structure and a return toward more normal
corticosteroid biogenesis as regeneration proceeds.

In contrast to the situation with regenerating adrenals, the adrenals
from MAD-treated rats showed progressively greater derangement of
corticoicl biosynthesis the longer MAD was given. This was seen in
both the greater accumulation of DOC and the decreased ability of
the adrenal homogenates to metabolize the added progesterone-4-14C.
Unlike the regenerating glands, however, the addition of NADP to
the homogenates of adrenals from MAD-treated rats was unable to
enhance corticosterone production and reduce DOC accumulation to
the levels found for control adrenals. Thus, while the defect in ste¬

roidogenesis is manifest as an inadequacy of 11 /I-hydroxylation, it is
not due to a deficiency in NADPH production as it is in the regener¬
ating adrenal. Of importance here may be the observation (4) that
adrenal mitochondria isolated from MAD-treated animals have a

much lower cytochrome P 450 concentration than control adrenal
mitochondria.

The recent disclosure by Saffran (36) that MAD is metabolized by
the adrenal cortex to MT has raised the question of whether MAD
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directly affects corticosteroid biogenesis or whether its effects are
mediated via the MT formed in the adrenal. The results reported in
this communication show that MAD added directly to adrenal homog-
enates was without effect on corticoid biosynthesis, whereas equal
amounts of added MT blocked the production of corticosterone and
brought about the accumulation of DOC in the incubation medium.
The systemic administration of MT, not only duplicated the effects
of MAD on in vitro adrenal corticoid biosynthesis, but also produced
hypertension and cardiovascular renal lesions indistinguishable from
those produced by MAD.

The ultrastructural changes in the adrenals of MAD-treated rats
showed some parallelism with the functional changes. The earliest
detectable morphologic alterations were seen at 12 days and the most
marked abnormalities were present at 32 days. Our preliminary
observations with the electron microscope on the adrenals from MT-
treated rats showed changes that were similar to those produced by
MAD. It should be borne in mind that both MAD and MT caused
similar effects on the in vitro corticoid biosynthesis of adrenals from
rats that had been injected with these steroids, whereas only MT in¬
hibited 11/J-hydroxylation when these compounds were added directly
to incubated adrenal homogenates. It appears, therefore, that MAD
has to be converted to MT in order to obtain inhibition of corticos¬
terone biosynthesis and accumulation of DOC. The question is
whether the inhibition of 11 /3-hydroxylation brings about the structural
changes in the adrenal cortex of the treated animals or whether the
structural changes mediate the deficiency of 11/I-hycIroxylation via
some effect of MAD and MT on the pituitary. It is also possible that
the changes represent entirely separate phenomena, one functional
and the other structural, which are brought about by unrelated
mechanisms.

It is noteworthy that giant mitochondria similar to those we have
observed in MAD- and MT-treated rats have been reported by Volk
and Scarpelli (57) in hypophysectomized rats. Similarly, DeRobertis
and his associates (11, 34, 35) have shown that mitochondria after
hypophysectomy contain tubular infoldings and greatly reduced ve¬
sicular cristae, thus suggesting that the characteristic organization of
mitochondria of zona fasciculata cells is dependent on ACTH. It is
perhaps possible that these morphologic changes would be accom¬
panied by abnormalities in steroid biogenesis such as we have found
after MAD and MT treatment, although they have not been specifi¬
cally looked for. Against this possibility is the fact that hypertensive
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disease does not develop after hypophysectomy and, indeed, this oper¬
ation prevents the development of adrenal-regeneration hypertension
(46). The hyperplasia of smooth endoplasmic reticulum is reminiscent
of a cytoplasmic change in hepatic cells that accompanies the admin¬
istration of toxic substances such as barbiturates (32). In the case of
the liver, this is related to an increase in enzymes involved in drug
metabolism. It is difficult to postulate a direct effect of MAD or MT
on these membranous components of adrenal cortical cells or to relate
the change to a metabolic action of the cells. Similar changes in endo¬
plasmic reticulum have been reported by Volk and Scarpelli (56) in
adrenal cortical cells of rats treated with triparanol and they con¬
cluded that these structures may reflect disturbed steroid biogenesis.
The "colloid globules" of light microscopy that were seen as electron
dense bodies in the electron microscope are presently considered to
represent an end-stage in degenerative phenomena occurring in the
cell cytoplasm.

Abstract

Using adrenal homogenate preparations, corticosteroid biosynthesis has
been studied in regenerating adrenals and adrenals from rats treated with
MAD and MT. It has been found that corticosteroid synthesis is deficient in
the regenerating gland, especially during the early stages. The abnormality
of biosynthesis that was apparently related to decreased availability of
NADPH for 11 /3-hydroxylation resulted in DOC accumulation. Electron
microscopically, the regenerating adrenal cortical cells showed decreased
mitochondrial vesicles, which increased in number as regeneration progressed.

Administration of MAD for as short a time as 5 days led to decreased
corticosteroid synthesis from added progesterone in adrenal homogenates.
Almost complete inhibition of corticosterone and 18-OH DOC formation
accompanied by the accumulation of DOC occurred with more prolonged
MAD treatment, even in the presence of added NADP. Similarly, abnormal
corticosteroid biosynthesis was found in the adrenals of rats injected with
MT for six weeks. MT produced inhibition of 11 /J-hydroxylation with accu¬
mulation of DOC and decreased amounts of corticosterone when added

directly to adrenal incubations, but MAD did not. It appears that MAD
must be converted to MT to produce these effects. Both MAD and MT
produced similar ultrastructural changes in adrenal cortical cells when
chronically administered. The mechanism by which these alterations are
produced is not known nor has the precise relationship between the functional
and morphologic changes in the adrenal been established by these studies.

However, the results do suggest that both adrenal-regeneration and MAD
hypertension may be caused by an abnormality in corticosteroid biosynthesis
characterized by excessive DOC production.
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Abrege
A l'aide d'un homogenat de parenchyme surrenalien, nous avons etudie la

biosynthese des corticosteroides chez des rats dont les surrenales sont en
regeneration ou apres traitement avec des derives methyles de I'androstfen^-
diol (MAD) et de la testosterone (MT). II fut observe que la synthase des
corticosteroides est deficiente dans les surrenales en regeneration, particul-
ierement durant la phase precoce. L'anomalie de biosynthese, qui est ap-
paremment reliee a une defection de NADPH pour la 11/3-hydroxylation,
resulte d'une accumulation de deoxycorticosterone (DOC). L'examen des
cellules du cortex surrenalien au microscope eiectronique a r^v^le une diminu¬
tion des vesicules mitochondriales, lesquelles augmentent en nombre au cours
de la regeneration.

L'administration de MAD durant une breve periocle de 5 jours a eu pour
effet de diminuer la synthese des corticosteroi'des a partir cl'un homogenat de
surrenales auquel nous avions ajoute de la progesterone. Nous avons observe
une inhibition presque complete de la formation de corticosterone et de 18-
OH desoxycorticosterone s'accompagnant d'accumulation de deoxycorticos¬
terone par suite de l'administration prolongde de methylandrostenediol et ce,
meme en presence de NADP surajoute. De fagon comparable, nous avons
observe une biosynthese anormale de corticosteroides dans des surrenales de
rats injectds avec du MT clurant 6 semaines. Le MT a pour effect de produire
une inhibition de la 11/3-hydroxylation avec accumulation de desoxycorticos¬
terone et une baisse en teneur de corticosterone lorsque ajoute directement
au milieu d'incubation; le MAD, cependant, n'a pas exerce d'effet compar¬
able. II s'avfere que le MAD doit etre converti en MT pour produire de tels
effets. Le MAD, tout autant que le MT, produisent des changements infra-
structuraux dans les cellules du cortex surrenalien, lorsque administres de
fagon chronique. Le mecanisme par lequel ces alterations sont induites est
inconnu, et il n'est pas davantage possible, a la lumiere de ces etudes, d'etablir
une relation entre les modifications fonctionnelles et structurales de la glande
surrenalienne.

Toutefois, nos resultats laissent supposer que l'hypertension experimentale
consecutive a la regeneration surrenalienne ou a l'administration de MAD
est due a une anomalie de la biosynthese des corticosteroides caracterisee
principalement par une production excessive de desoxycorticosterone.
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I. H. Page: Adrenal regeneration and methylandrostenediol hyper¬
tension have been looked upon by most of us in the field as curiosities.
But the more I have watched Floyd Skelton's analysis of the problem,
the more impressed I am that he might discover a critically important
truth about one of the naturally occurring varieties. The crux of
the matter seems to be to explain why the functioning of a regener¬
ating adrenal gland is critical in the development of hypertension.
When adrenal regeneration is interrupted by hypophysectomy or the
presence of the contralateral normal adrenal gland, hypertension does
not develop. Also, when synthesis of steroid hormone by the regener¬
ating gland is inhibited by amphenone B, no hypertension occurs.
Methylandrostenediol has no "mineralo-corticoid" activity, the latter
being a felicitous term coined by the person we are honoring today.
This steroid produces hypertension only in the presence of the
adrenals, leading to the suggestion that it interferes with normal
adrenal cortical secretion in such a way that excessive mineralo-
corticoids are secreted and hypertension is thus elicited.

It is to the problem of corticoid biosynthesis that Skelton and
Brownie address themselves with gun and camera; no pun intended!
A study of synthesis during the early stages of regenerating gland
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homogenate showed an abnormality, seemingly related to decreased
availability of reduced triphosphopyricline nucleotide (NADPH) for
11-beta-hydroxylation, thus resulting in desoxycorticosterone accumu¬
lation. This was accompanied by decreased mitochondrial vesicles,
but which increased in number as regeneration progressed. Adminis¬
tration of methylandrostenediol or methyltestosterone also led to
decreased corticosteroid synthesis and accumulation of clesoxycortico-
steroid. Thus, it is suggested that both adrenal regeneration and
methylandrostenediol hypertension result from excessive desoxycorti-
costerone. The latter had originally been shown by Selye to produce
hypertension.

I am bound to say I think Skelton must have planned these ex¬
periments to come to fruition just in time for the Selye celebration.
But I rather doubt that he schemed so carefully that this would be
the outcome. We should be grateful that these two bizarre experi¬
mental methods involving adrenal regeneration and methylandro¬
stenediol now seem to fall into line with the other odd one resulting
from desoxycorticosterone. I say "odd one" because, so far as I know,
no one has shown that there is enough desoxycorticosterone to pro¬
duce hypertension clinically. So far as I know, it has not been shown
to occur in the dog. Dogs are resistant to the hypertensive action of
desoxycorticosterone. Nor has subtotal adrenalectomy increased the
severity of hypertension in patients. Nonetheless, perhaps we should
now re-examine the question, if only because I well remember the
days when renovascular hypertension did not occur in patients! And
this was due chiefly to the fact that pathologists, bless their financially
independent souls, failed to look carefully at the renal vessels.

Right or wrong, it is a great relief to have a specific chemical
lesion to explain these experimental hypertensions. The chances of
being right are pretty good with a man like Skelton. The most con¬
vincing data are those showing accumulation of desoxycorticosterone in
large amounts during incubation of adrenal regeneration homoge-
nates but not in control adrenals when fumarate alone was used as

co-factor, indicating that 21-hydroxylation of progesterone occurs
readily in the former but that 11-beta-hydroxylation of the desoxy¬
corticosterone formed is abnormally low compared with controls.

Thus, on balance, it looks as though Skelton has found the key
to this curious problem. And when you have keys it is a good idea
to find out what they unlock. It also shows that if you live long
enough, you are almost sure to see Hans Selye stick his head out
and quite justifiably say, "I told you so!"
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M. Cantin: I should like to ask one question of Dr. Skelton. If I
remember correctly, MAD hypertension is accompanied by the appear¬
ance of PAS-positive granules in the adrenal cortex, particularly
in the glomerulosa. I would like to know what these correspond to
under the electron microscope.

F. R. Skelton: There are two changes that are seen by light and
electron microscopy in the adrenal cortical cells of MAD-treated rats:
vacuole formation and PAS-positive granules or colloid bodies in the
cytoplasm. The vacuolar change, we believe, is due to degeneration
of mitochondria. With continuing administration of MAD, the
vesicular cristae decrease in number in the mitochondria, which
ultimately appear in the electron microscope as empty, double mem¬
brane-bound sacks. Our observations suggest that these abnormal
mitochondria fuse together becoming progressively larger. The vacuole
so formed may occupy much of the cytoplasm or there may be multiple
such vacuoles in the cell. The morphogenesis of the colloid of hyaline
bodies we believe to be quite different. At first there are degenerative
changes in the cytoplasm, which are seen as a fuzziness or loss of
definition of the agranular endoplasmic reticulum. Such areas become
progressively denser, although of irregular shape and without a limit¬
ing membrane. As the area becomes denser it appears to acquire a
limiting membrane by compression of the surrounding agranular
endoplasmic reticulum. The result is a dense, PAS-positive hyaline
mass suspended in the cytoplasm. Multiple such bodies may be seen
in a single cell or only one large granule may be present. A paper
on this aspect of adrenal cortical cell changes in MAD-treated rats
was published recently (Levine, A. J., and F. R. Skelton: Am. J.
Pathol., 51:831,1967).

W. S. Hartroft: Dr. Skelton, if I saw PAS-positive droplets by light
microscopy, say where there is normally some fat and where you have
produced hemorrhages, I would look to see if any of this was ceroid.
The electron microscopic description you have given is what we think
ceroid looks like and this is a distinct possibility.

F. R. Skelton: We have not examined extensively the composition
of these globules, but several years ago Masson et al. (Endocrinology,
56:541, 1955) reported that the colloid material was glycoprotein
or mucoprotein and did not react with fat stains. Our results are
in agreement with these findings, all of which would suggest that
the globules are not ceroid.
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Subcutaneous administration of 10 mg. of methyl-
testosterone (MT) or methylandrostenediol (MAD)
produced hypertension and vascular lesions in uni-
nephrectomized female Holtzman rats drinking 1
per cent NaCl. Blood pressure elevation occurred
earlier and was more severe with MAD than with
MT treatment. Anabolic effect was greater with MT
administration. Both androgens produced increased
sodium consumption as well as plasma and muscle
sodium concentrations, whereas potassium consump¬
tion and potassium concentrations in plasma and
muscle were elevated only in MT-treated rats. Sodium
diuresis occurred coincident with the onset of hyper¬
tension in both groups of androgen-treated animals.
Renal renin and juxtaglomerular cell granularity were
depressed in androgen-treated rats but the depres¬
sion was greater in the rats receiving MAD. Cardiac
and renal hypertrophy, degenerative vascular lesions
typical of hypertensive disease, and atrophy of thy¬
mus, adrenals, pituitary, and ovaries also were

Some years ago Selye and Rowley20 reported that
experimental hypertensive disease induced in rats by
administration of desoxycorticosterone acetate (DOCA),
could be prevented by the simultaneous administration
of 17a-methyltestosterone (MT). Subsequent investiga¬
tions with MT, 17ct-methylandrostenediol (MAD), and
testosterone propionate not only failed to confirm this
observation7 but demonstrated that at least one of the

androgens (MAD) produced hypertension, nephro¬
sclerosis, and cardiac lesions similar to those obtained
with DOCA.16' 23 The data from experiments in which
MT was administered daily at dosages of 2 and 10 mg.
per rat indicated that this androgen at the higher dose
level also was mildly hypertensive, although vascular
lesions were seen infrequently.22 More recently Brownie
and Skelton3 found that homogenates of adrenal glands
from MAD-treatecl rats, when incubated with added
progesterone, produced greatly increased quantities of
desoxycorticosterone (DOC) and markedly reduced
amounts of corticosterone. Rembiesa et alM have shown
that rat adrenal cortex can oxidize MAD to MT in
vitro, and Skelton and Brownie24 found that addition
of MT, but not MAD, to normal rat adrenal lromoge-

present in the rats treated with both androgens.
Incubation in vitro of adrenals from androgen-
treated animals with progesterone-4-C14 showed im¬
paired 1 l/?-hydroxylation activity with consequent
desoxycorticosterone accumulation in the incubation
medium. Thus MT administration produces hyper¬
tensive vascular disease in the rat, which is indis¬
tinguishable from that produced by MAD treatment.
The accumulation of desoxycorticosterone in the
medium when adrenal glands from rats treated with
either MT or MAD were incubated with progester-
one-4-C14 suggests that the hypertensive disease pro¬
duced by both androgens may be due to increased
in vivo production of desoxycorticosterone by the
adrenal glands.

Additional key words: Methyltestosterone hyper¬
tension, High blood pressure, Androgenic hyperten¬
sive disease.

nates inhibited 11/J-hydroxylation of DOC to corti¬
costerone. These latter findings suggested that MAD is
metabolized to MT in the adrenal cortex in vivo and
that the hypertensive action of MAD is mediated
through MT, which in turn brings about an adrenal
cortex dysfunction characterized by increased secretion
of DOC.

The purpose of the present investigation was to de¬
termine conclusively whether MT could produce liy-
pertensive disease in rats, and if it did, to compare the
changes with those produced by the administration of
MAD under identical experimental conditions.

MATERIALS AND METHODS

For this study 42-day-old female rats of the Sprague-
Dawley strain, obtained from the Holtzman Company,
Madison, Wisconsin, were used. Body weight ranged
from 132 to 147 gm. at the start of the experiment. All
rats were uninephrectomized, fed a diet containing
0.5 per cent sodium chloride, given free access to a I
per cent sodium chloride drinking solution, and were
maintained in a room kept at 22.5° C. with 12-hour
light and dark cycles. A total of 48 control rats (group

129
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1) received subcutaneous injections of 0.2 ml. of corn
oil for 5 days each week. After 2, 4, and 6 weeks sub¬
groups of 15, 16, and 17 rats were killed for appropriate
study. Group 2 consisted of 31 rats which were treated
with 10 mg. of MAD dissolved in 0.2 ml. of corn oil
and injected subcutaneously daily for 5 days each week.
At 2-, 4-, and 6-week intervals, subgroups of 8, 10,
and 13 rats were killed. Group 3 was composed of 31
rats treated similarly to those of group 2, except that
MT was used instead of MAD. At 2, 4, and 6 weeks,
subgroups of 8, 11, and 12 rats were killed.

Body weight and systolic blood pressure were meas¬
ured weekly. Systolic blood pressure was determined in
the tail with a Physiograph Four (E and M Instrument
Company, Houston, Texas) with the rats under light
ether anesthesia. At each interval, systolic blood pres¬
sure was measured three times in each rat and the aver¬

age value was calculated. The blood pressure was
measured only when the rats were as stable as possible
(determined by respiratory and pulse rate). Under these
conditions the levels obtained for each animal agreed
within 5 to 10 mm. of Hg. Total sodium and potas¬
sium consumptions were determined. Eight representa¬
tive rats from each group were maintained in metabolic
cages, thus enabling total urine collections to be made,
from which urinary excretions of sodium and potas¬
sium were calculated. At each sacrifice period, blood
was collected, centrifuged immediately, and the plasma
was obtained. Pooled hind limb muscles from each rat

were collected, weighed fresh, and dried at 75° C. to
constant weight. Plasma and muscle concentrations of
sodium and potassium were determined by the method
outlined by Rappls with a Baird flame photometer.
The water content was determined and expressed as
milligrams per gram of fresh tissue.

Except for the kidneys and adrenals, all organs to be
studied histologically were placed in 10 per cent
buffered formalin, trimmed after fixation, and weighed.
Representative blocks were embedded in paraffin, cut
at 5 fj., ancl stained by the periodic acid-Schiff procedure.
The kidneys were weighed fresh and bisected; one-half
was placed in Helly's fixative and the other half was
frozen at —4° C. After fixation for 24 hours, kidney
tissue was embedded in paraffin, cut at 5 p., and stained
by the procedure of Wilson20 for juxtaglomerular gran¬
ules. The juxtaglomerular index for each kidney was
determined by the method of Hartroft and Hartroft.9
The frozen half of the kidney was thawed at a later
date, and the cortex was separated from the medulla.
The renin content of the cortical tissue was measured

by an angiotensin generation assay patterned after
that described by Lever, Robertson, and Tree.11 This
method consisted of the incubation of renal cortical
tissue at pH 3.0 with an angiotensinase-free substrate
of bovine plasma. The substrate was prepared ac¬
cording to the procedure suggested by Lever et al.11
The angiotensin formed during the incubation was
measured by injection of the mixture into assay rats
prepared according to the Peart technique.12 The
blood pressure elevations recorded in the assay rats

were compared with those produced by injection of
standard doses of synthetic angiotensin.

Adrenals were trimmed of fat and weighed fresh im¬
mediately after sacrifice. One gland from each rat was
fixed in 10 per cent buffered formalin for histologic
examination, and the other glands were pooled and
used for study of steroid biosynthesis in vitro. Corticos¬
teroid synthesis from progesterone was determined in
adrenal homogenates from the three groups in the
following manner. Homogenates were prepared in
Krebs-Ringer phosphate buffer, pH 7.4, containing 100
mg. of sodium succinate per 100 ml. Each incuba¬
tion flask contained adrenal homogenate corresponding
to 35 mg. of adrenal tissue, 1 mg. of nicotinamide ade¬
nine dinucleotide phosphate, and 0.1 p,c. of proges-
terone-4-C14 (specific activity, 4 mCi. per mmole). Incuba¬
tions were conducted in air for 10 minutes at 37° C. At
the end of the incubation period, steroids were ex¬
tracted from the incubation media with methylene chlo¬
ride, and steroid analysis was performed as previously
described.2 The presence of lesions in the heart, kidney,
and pancreas/mesentery of each rat was determined
grossly and microscopically, from which the percentage
of incidence of such lesions in each group was cal¬
culated. The severity of the lesions in these tissues was
graded on a zero to 4+ scale grossly and microscopically
in multiple histologic slides. The most severe lesions
were given a 4+ rating, and the absence of detectable
lesions constituted a zero rating. A 1+ severity meant
minimal detectable lesions, and 2+ and 3+ ratings
represented further intermediate levels of severity. The
gross and microscopically determined plusses for each
rat were combined, and the total for each group was
determined. The total number of plusses for each group
was then expressed as a percentage of the theoretical
maximum for each group, and the value obtained was
called the percentage of severity. All numerical data
were analyzed according to Student's /-test: for small
sample size, and throughout the remainder of this re¬
port the differences between means having a p-value
<0.05 are considered significant and p-values of <0.01
are considered highly significant.

RESULTS

Body Weight

The animals tolerated the injections very well, al¬
though corn oil tended to pool in the subcutaneous
tissues, thus necessitating wide scattering of the injec¬
tion sites.

It can be seen in the upper portion of Figure 1 that
the control rats grew uniformly throughout the ex¬
periment and that the anabolic action of both MAD
and MT was manifest clearly for the first 4 weeks. There¬
after, the body weight of the MAD-treatecl rats was
stabilized but the MT-treated animals continued to

gain weight up to the end of the experiment.
Systolic Blood Pressure

The control rats of this strain showed a slight in¬
crease in systolic blood pressure; however, despite this,
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the expei imental groups developed significant hyper¬
tension (lower portion of Fig. 1). A significant blood
pressure elevation was present in the MAD-treated rats
from the third week onward, but for the MT-treated
animals significance was achieved only at the fifth
week. The' elevation of blood pressure was greater in
MAD-treated than in MT-treated rats from the second
week onward. This strain of rats showed a tendency to
develop spontaneous hypertension under the conditions
of this experiment. In fact at 6 weeks, four control
animals out of 17 (23.5 per cent) had blood pressure
values ranging from 145 to 165 mm. of Hg.
Sodium Intake

The total sodium intake is illustrated in Figure 2.It is evident that both MAD- and MT-treated rats con-
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Fig. 2. Sodium (top) and potassium (bottom) intake of control,
MAD- and .MT-treated rats. The vertical bars represent one stand¬
ard error of the mean.

mEq. per rat per day in MAD-treated rats and 311 ±
6 mEq. per rat per day in MT-treated rats). It is in¬
teresting to note that the increase in sodium intake for
MAD-treated animals was derived from the saline

drinking solution, whereas for MT-treated rats both
food and drinking solution were responsible.
Potassium Intake

MT-treated rats showed a significantly larger total
potassium intake (Fig. 2) than did controls. In con¬
trast, the MAD-treated rats had a lower potassium in¬
take, which was particularly notable from the third
week onward and seemed to correlate with their de¬
creased food consumption.
Plasma Sodium and Potassium

A significant increase in plasma sodium concentra¬
tion occurred only at 6 weeks both for MAD- and MT-
treated rats, with the levels being slightly higher in
the MAD-treated animals. Plasma potassium was sig-
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Urinary Excretion of Sodium and Potassium

In Figure 4 it is also shown that MAD-treated rats
excreted significantly more sodium than the controls
only during the third week, whereas the sodium excre¬
tion of MT-treated animals was greater than controls
at the fifth and sixth weeks. At this time also there was

a significant rise in urinary output of potassium in the
MT-treated rats.

Renal Renin and Juxtaglomerular Index
Both MAD and MT administration induced a marked

decrease in the renal concentration of renin and the

granularity of the juxtaglomerular cells (Fig. 5). How¬
ever, MAD was more effective than MT in producing
these changes.

Organ Weights

In Table 1 the weight of pertinent organs at 2, 4, and
6 weeks is shown. The weights of the heart and kidney
were significantly increased in both experimental groups
from the second week onward. The increase is more

URINARY OUTPUT

ml/rat/day

6 Weeks

MT

Fig. 3. Plasma and muscle levels of sodium and potassium in
control, MAD- and MT-treated rats killed after 2, 4, and 6 weeks of
treatment. The vertical bars represent one standard error of the
mean.

nificantly increased in MT-treated rats at 2, 4, and 6
weeks, whereas neither increase nor decrease occurred
in MAD-treated rats (Fig. 3).
Muscle Sodium, Potassium, and Water

The pattern of muscle sodium and potassium content
paralleled the plasma levels of these electrolytes (Fig.
3). Thus, sodium was increased in MAD-treated rats
at 4 and 6 weeks, whereas potassium was increased at
these same periods in MT-treated animals but de¬
creased in MAD-treated rats. Muscle water was signifi¬
cantly increased in MAD-treated animals at both 4 and
6 weeks, the levels being 768 ± 3 and 772 ± 3 mg. per
gm. of fresh tissue as compared to 752 ± 4 and 758 ±
3 mg. per gm. of fresh tissue for control rats. No signifi¬
cant changes occurred in muscle water content of MT-
treated rats at any time period.
Urinary Output

The daily urine volume of MAD-treated rats was
significantly above that of controls from the second to
the fourth week (Fig. 4); however, in the last 2 weeks of
the experiment the volume was slightly less. The re¬
verse appears true for MT-treated animals in which
urinary output was significantly increased in compari¬
son to that of the controls from the fifth week onward.
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Fig. 4. Urinary output and urinary excretion of sodium and
potassium of control, MAD- and MT-treated rats. The vertical bars
represent one standard error of the mean. FFDS, Fat-free dry solid.
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conspicuous for MAD-treated animals, particularly at 4
and 6 weeks.

Both MAD- and MT-treated animals showed a de¬
crease in thymus, adrenal, and ovarian weights com¬
pared to control values. Thymic involution was more
evident in MAD-treated rats than in those given MT.
The reverse was the case for adrenal glands. There was
no difference between ovarian weights in the two ex¬
perimental groups at any time interval, however. Pi-
tuitaries were weighed only at 6 weeks, at which time the
weight of this gland was reduced significantly and
equally in the treated rats.

Morphologic Observations

Kidneys. The kidneys of the MAD- and MT-treated
rats were enlarged, pale, and soft and had numerous
white or hemorrhagic spots scattered over the capsular
surface. Cut sections showed a thickened cortex. Such

gross morphologic changes were present in 80 per cent
of MAD-treated rats and in 64 per cent of MT-treated
animals at 4 weeks. At 6 weeks renal lesions were present
in 76 per cent of the animals injected with MAD and
in 100 per cent of those treated with MT. A few petechial
hemorrhages on the external surface of the kidney, with
slight enlargement of the organ, also occurred in ap¬
proximately 12 per cent of the controls at 4 weeks
and 29 per cent at 6 weeks. Microscopic examination
of the kidneys of the treated animals showed that the
renal lesions produced by the two steroids were very
similar and were characterized by hyaline degeneration
of small arterioles, glomerular enlargement and hya-
linization, tubular dilation with cloudy swelling of the
epithelial cells, segmental thickening of tubular base¬
ment membrane, and hyaline cast formation (Fig. 6).
Thickening of the basement membrane of the glomeruli,
with tubular cloudy swelling and hyaline cast formation,
and moderate thickening of the wall of small arteries
were observed in the kidneys of the four control ani¬
mals that became spontaneously hypertensive. The
over-all incidence and severity (i.e., combined gross and

Table 1. Organ Weights of Control Holtzman Rats and Those Injected Subcutaneously with 10 mg. of
Metilylandrostenediol (MAD) or Methyltestosterone (MT) Daily for 5 Days of Each Week and

Killed After 2, 4, and 6 Weeks

Group Length of
treatment

No. of animals Heart Kidney Thymus Adrenals Pituitary Ovaries

Controls
MAD
MT

•weeks

2
2
2

15

8

8

857
925

1001

±

±

±

16°
20b
20=

1179
1429
1381

± 27
± 29=
± 14=

420

176
334

±

±

±

mg

29
20=
29'

54.0
47.0
41.6

±

±

±

3.7
4.0'
1.2'

63.0
42.0

37.4

±3.4
± 5.0=
± 2.1=

Controls
MAD
MT

4

4
4

16
10

11

929
1138
1024

±

±

±

20
28'
32'

1452
2295
1792

± 58
± 50=
± 41=

390
87

214

±

±

±

17
10=

27'

65.3
52.4
41 .0

±

±

±

1.3

1 .2'
2.0=

63.1

33.3
30.5

± 2.0
± 2.0=
± 2.0=

Controls
MAD
MT

6

6

6

17

13
12

1103
1285
1209

±

±

±

31

26=
54=

1626

2685
2076

± 64
± 84=
± 67=

365
64

219

±

±

±

17
8=

26'

66.3

45.9
43.6

±

±

±

1 .7

2.0=
1.7=

13.1 ± 1.4
8.7 ± 0.2=
9.4 ± 0.4'

65.9
22.9
25.7

±3.4
± 2.3=
± 1.9=

° Standard error of the mean.

' p < 0.05.
= p < 0.01.

mi croscopic evaluation) of lesions in MAD-treated
animals at 2, 4, and 6 weeks were greater than those of
the rats injected with MT (Table 2).

Heart. Androgen-treated animals showed cardiac
hypertrophy with small, grayish white areas visible on
the epicardial surface of many of the hearts. The
microscopic lesions consisted of scattered areas of focal
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Fig. 5. Renal renin and juxtaglomerular indices of control,
MAD- and MT-treated rats, killed after 2, 4, and 6 weeks of
treatment. The vertical bars represent one standard error of the
mean.
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Fig. 6. Kidney from a rat treated with 10 mg. of MT for 6 weeks.
Hyaline degeneration of small arterioles, glomerular enlargement
and hyalinization, tubular dilation with cloudy swelling of epithelial
cells, segmental thickening of tubular basement membrane, and
hyaline cast formation are evident. Periodic acid-Schiff; X180.

Table 2. Quantitative Evaluation of Morphologic
Changes in Kidney and Heart

Groups and
treatment

Length of
treatment

Kidney Heart

Incidence Severity Incidence Severity

weeks % % % %

Controls 2 13 2 0 0

MAD" 2 50 7 0 0

MT' 2 13 2 0 0

Controls 4 31 4 12 2
MAD 4 100 36 80 18

MT 4 82 16 36 3

Controls 6 50 7 22 4
MAD 6 100 45 84 30
MT 6 100 34 83 19

such lesions were more severe with MAD than with MT
treatment. The controls that developed spontaneous hy-
pertension were found to have some minor scattered
microscopic lesions in the heart, thus giving the in¬
cidence and severity data seen in the table.

Pancreatic and Mesenteric Arteries. Panarteritis of

pancreatic and mesenteric arteries was present in 20
and 30 per cent of MAD-treated rats killed at 4 and 6
weeks, respectively. With MT administration, pan¬
arteritis occurred in none of the rats killed at 2 and 4
weeks, but in 33 per cent of the rats killed after 6 weeks.
No such lesions were observed in the controls.

Adrenals. The adrenals were quite red in the steroicl-
treatecl animals, in contrast to the yellow color of these
glands in the control rats. Microscopically, the adrenal
cortex showed decreased thickness of the zona gomerulosa
and reticularis in both of the androgen-treatecl groups.
In contrast, the zona fasciculata appeared widened, with
an increased number of cells having a compact ap¬
pearance. Vacuoles and colloid droplets were present in
the cytoplasm of some zona fasciculata cells of adrenals
from rats treated with either MAD or MT. This cellular

abnormality occurred, for the most part, in those rats
that were the most hypertensive and that had the most
severe lesions (Fig. 8). Pericapsular arterioles showed
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° MAD, Methyiandrostenediol.
b MT, Methyltestosterone.

myocardial necrosis with hyaline degeneration of the
intima and media of the small arteries, often accom¬

panied by adventitial infiltration of chronic inflamma¬
tory cells and fibroblasts (Fig. 7). In Table 2 it is shown
that MAD-treated rats had a higher incidence of le¬
sions than the rats administered MT. It is evident that

Fig. 7. Heart from a rat treated with 10 mg. of MT for 6 weeks.
The lesions consist of scattered areas of focal myocardial fibrosis
with hyaline degeneration of the intima and media of small
arteries, accompanied by adventitial infiltration of inflammatory
cells and fibroblasts. Periodic acid-Schiff; X100.
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hyaline or fibrinoid lesions similar to those seen else¬
where.

Steroid Biosynthesis. At all three time periods it was
found that adrenal homogenates from MAD- or MT-
treated rats had impaired the ability to convert pro¬
gesterone to corticosterone (Table 3). Apparently in¬
volved was reduced metabolism of DOC to corticosterone
and 18-hydroxy-DOC, leading to accumulation of DOC
in the incubation media. At 2 and 4 weeks most DOC
accumulated in the incubations of adrenals from MT-
treated rats, but over-all, both androgens produced a
similar disturbance of corticosteroidogenesis.

DISCUSSION

The results of the present experiment have con¬
firmed a previous, inconclusive observation that MT can
produce a form of hypertensive disease similar to that
produced by MAD when conditions of uninephrectomy
and free access to saline drinking solution are observed.
It is apparent that similarly large doses of this androgen
are required to induce the hypertensive state and that
MAD causes more severe changes than MT. This latter
generalization is derived from the higher blood pressure
levels and greater incidence and severity of renal and
cardiac lesions in MAD-treated than in MT-treated
rats. However, it should be noted that mild spontaneous
hypertensive lesions developed in 23.5 per cent of un-

Fig. 8. Adrenal cortex in a rat treated with 10 mg. of MT for 6
weeks. Vacuoles and colloid droplets are visible in the cytoplasm of
some zona fasciculata cells. Periodic acid-Schiff; X425.

Table 3. Effect of Methylandrostenediol (MAD) and

Methyltestosterone (MT) on Rat Adrenal
Steroidogenesis

Group Length of
treatment

Conversion of progesterone-4-C14 to:

Progester¬
one

DOC" B' 18-0H-D0CC

weeks % % % %

Control 2 7.5 1.4 52.8 22.5
MAD 2 6.4 27.1 37.9 12.0
MT 2 2.8 70.6 10.8 4.7

Control 4 6.4 2.8 67.9 19.8
MAD 4 6.5 46.5 25.0 8.0
MT 4 4.6 67.4 18.5 3.2

Control 6 4.5 2.6 65.9 17.4
MAD 6 9.5 62.3 17.0 4.8

MT 6 3.4 60.2 26.4 6.7

° DOC, Desoxycorticosterone.
h B, Corticosterone.
c 18-OH-DOC, 18-Hydroxy-desoxycorticosterone.

treated control rats over the course of the experiment,
thereby confirming observations of others0 and indicat¬
ing the sensitivity of this strain of rat to the development
of hypertension. Thus, the hypertensive changes pro¬
duced by MAD and MT administration must be con¬
sidered to have been sujrerimposecl on those which
would have occurred spontaneously. In our experience,
the development of arterial and arteriolar lesions,
whether they occur spontaneously or in response to
some experimental 2irocedure> always is associated
with an elevation in blood pressure. For this reason we
refer to all the vascular lesions as hypertensive vascu¬
lar disease, rather than periarteritis or panarteritis
nodosa, despite the well known fact that the mesenteric
and pancreatic arterial lesions possess the structural
characteristics which could justify their being consid¬
ered periarteritic or panarteritic in nature. In other
words, the terminology employed in the jrresent manu¬
script stresses the pathogenetic rather than the mor¬
phologic nature of the lesions.

It is interesting that MAD manifested a greater reno-
trophic effect than MT at all time intervals but did
not produce a parallel greater cardiotrophic effect.
This latter observation is surprising, in view of the
fact that the rise in blood pressure occurred sooner
and was greater in the rats treated with MAD. Per¬
haps the explanation lies in the greater anabolic ac¬
tivity of MT, which produced larger rats in which the
heart would be expected to be larger also.

The direct thymolytic action of androgens is well
known,17'10 and the present data indicate that MAD
possesses a greater thymolytic effect than MT. On the
other hand, the ovarian atrophy produced by androgens
is believed to be brought about by decreased gonaclo-
trophin secretion by the anterior pituitary.18 Appar¬
ently, both androgens exert equally antagonistic action
on the anterior pituitary secretion of gonadotrophin, at
least as reflected by decreased ovarian and pituitary
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weights. It is not known which of the anterior pituitary
cells is affected; however, the gonadotrophin-secreting
cells would seem to be the most logical to account for
the loss in ovarian weight.

By this argument, the decreased adrenal weight of
rats receiving MAD and MT might be considered to be
the result of inhibition of adrenocorticotrophic hor¬
mone (ACTH) production, by virtue of an effect of
these androgens on the ACTH-secreting cells of the
anterior pituitary. At the present time no evidence
exists that this is the case but studies are currently
under way in our laboratory to ascertain whether such
a process occurs. It is difficult to accept this as the
sole potential mechanism because of previous reports
that MAD, at least, tends to maintain the adrenal
gland weight of hypophysectomized rats.27 Further¬
more, ACTH administration to MAD-treated rats has
failed to correct the adrenal gland involution which
accompanies chronic treatment with this androgen.1
These observations suggest some direct effect of andro¬
gens on the adrenal cortex, the nature of which requires
elucidation.

When the electrolyte changes in the plasma and
skeletal muscle of androgen-treated rats are considered,
together with the dietary electrolyte consumption and
urinary loss, fluid intake, urine volume, and the in
vitro corticosteroidogenic characteristics of the adrenals,
it seems reasonable to conclude that excess mineralo-
corticoid levels exist in these animals. Indeed, Hyde
and Daigneault10 have reported increased adrenal vein
DOC levels in MAD-treated hypertensive rats, together
with a decreased concentration of corticosterone, which
they postulate may be directly responsible for the pro¬
duction of the hypertension. Such an interpretation
would account for the occurrence of polydipsia and
polyuria and for the evidence of sodium retention,
all of which are similar to but less severe than the changes
observed in rats administered DOC in sufficient amounts

to produce hypertensive disease. It is interesting that our
data showed a reasonable degree of concurrence between
sodium consumption and retention, and the development
of hypertension, in much the same pattern that Green,
Coleman, and McCabes have reported for DOCA hyper¬
tension.

A further similarity of androgen to DOCA hyper¬
tension is the reduced juxtaglomerular cell index in
MAD- or MT-treated rats. Hartroft and Hartroft0
have shown that chronic administration of high
sodium diets will reduce the juxtaglomerular index, and
Cockett, Moore, Kazmin, and Roberts5 have correlated
this with decreased renal levels of renin. Other investi¬

gators have shown a greater decrease in these param¬
eters with a combined DOCA/high salt regimen.23 The
role which renin may play in the pathogenesis of
steroid hypertension has not been established. At the
present time it is believed that a low level of renal
renin reflects a low secretory rate,9 which, if true, would
imply little if any role for this enzyme in the blood
pressure elevation.

The study in vitro of steroid biosynthesis by adrenal
homogenates clearly has shown a decreased ability of
adrenal tissue from rats treated with MAD or MT to

convert added progesterone to corticosterone. The reason
for this abnormal behavior apparently lies in the re¬
duced activity of the 11/3-hydroxylation system so that
DOC occurs in excess amounts in the incubation me¬

dium, whereas corticosterone is produced in decreased
amounts.

Whatever the actual cellular mechanism may be, it
has been our thesis, previously expressed,24 that the
same circumstance may prevail in vivo, leading to in¬
creased endogenously secreted DOC, which together with
the availability of excess sodium chloride and the pres¬
ence of reduced renal mass would result in the develop¬
ment of hypertension. The findings of Hyde and
Daigneault10 of higher levels of DOC in adrenal vein
blood of MAD-hypertensive rats than in controls sup¬
port that contention.

It has been shown by other workers that androgens
can function at the adrenal cortical level as compet¬
itive inhibitors of 11/3-hydroxylation and can them¬
selves be metabolized into the 11-oxygenatecl com¬
pounds.14' 13' 21 Other studies by members of our research
group have shown decreased cytochrome P-450 levels in
adrenals of androgen-treated rats.4 Inasmuch as cyto¬
chrome P-450 is concerned with 11/3-hydroxylation, the
possibility has been expressed that the lower levels in
adrenal mitochondria from MAD- or MT-treated rats

represent one critical factor in the reduced 11/3-hydroxyl-
ating activity of adrenal cortical tissue from androgen-
treated rats. It is highly probable that a combination of
reduced levels of adrenal mitochondrial cytochrome
P-450 and competitive inhibition of steroid 11/3-hy¬
droxylation by the androgen may be involved. Still to
be explained is why MAD, which itself is not an 11/3-
hydroxylase inhibitor, produces a more severe hyper¬
tension than MT. Both androgens produce marked low¬
ering of adrenal weight in female rats, with MT having
a greater effect than MAD, especially after 2 and 4 weeks
of treatment (Table 1). This may reflect greater inhibi¬
tion of pituitary ACTH secretion which in turn would
result in less corticosteroid production by the adrenals.
Thus, MAD, by inhibiting ACTH secretion to a lesser
extent than MT and at the same time able to be con¬

verted in the adrenal to MT which is an active 11/3-
liydroxylase inhibitor, could lead to a higher secretion
rate of DOC and thus to more severe hypertensive
cardiovascular disease. Direct measurement of adrenal
vein and peripheral plasma DOC levels will be necessary
to clarify this point.
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ABSTRACT. Uninephrectomized female rats
were administered 10 mg of testosterone daily
for 35 days. All rats received 1 % sodium chloride
as drinking solution. The testosterone-treated
rats showed a significant elevation in systolic
blood pressure as compared with controls. The
testosterone-treated group was then subdivided
into a more severely and less severely hyper¬
tensive group. All rats were sacrificed 24 hr after
the last administration of testosterone. Adrenals
were collected and corticosteroidogenesis from
progesterone measured in adrenal homogenates
revealed impaired llfi-hydroxylation by the
adrenals from the testosterone-treated groups.
This in vitro observation was supported by the
demonstration of elevated plasma levels of 11-
deoxycorticosterone (DOC) in these same groups,
indicating some inhibition of 11/3-hydroxylase
in vivo. Adrenal mitochondrial cytochrome P-

450, the terminal oxidase in 11/3-hydroxylation,
was found to be considerably diminished in the
testosterone-treated rats, while the levels of
microsomal P-450 were apparently normal. Or¬
gan weights recorded at the time of sacrifice
showed that the pituitary and adrenal weights of
the testosterone-treated rats were significantly
less than those of the controls. The hearts and
kidneys of these same rats were found to be
significantly enlarged and showed macroscopic
and microscopic lesions characteristically found
with DOC hypertension. These findings tend to
indicate that testosterone is capable of inhibiting
adrenal 11/3-hydroxylation in vivo in the rat,
resulting in an increased secretion of DOC, with
this mineralocorticoid in conjunction with salt
being responsible for the development of hyper¬
tensive disease. (Endocrinology 86: 1093, 1970)

THE ABILITY of the synthetic andro¬gen 17a-methylandrostenediol2 to pro¬
duce hypertensive disease in the rat when
administered in large doses in conjunction
with salt is well documented (1). More re¬
cently another synthetic androgen, 17a-
methyltestosterone, has been found to pro¬
duce a similar, although somewhat milder,
form of hypertension (2). The pathogenesis
for both these models of experimental hy¬
pertension seems to involve adrenal gland
dysfunction. Despite the multitude of
known effects of testosterone upon adrenal
cortical function, little has been done in in¬
vestigating the possible role of the naturally

Received September 29, 1969.
1 Deceased 10/22/69.
2 The systematic nomenclature and abbrevia¬

tions of compounds for which trivial names are used
in this paper are: 18-hydroxy-ll-deoxycortico-
sterone (18-OH-DOC), 18,21-dihydroxypregn-4-
ene-3,20-dione; corticosterone (B); deoxycortico¬
sterone (DOC); progesterone (PROG); 17«-me-
thyltestosterone, 17a-methylandrost-4-en-170-ol-3-
one; 17a-methylandrostenediol, 17a-methylan-
drost-5-ene-3/3,17/3-diol; DHEA, 3/3-hydroxy-5-an-
drosten-17-one.

occurring androgens in the genesis of ex¬
perimental hypertensive disease. The fol¬
lowing experiments were conducted to
determine whether the chronic administra¬
tion of testosterone to rats, which were
uninephrectomized and had free access to
saline, would produce hypertension.

Materials and Methods

Female, 35-day-old Sprague-Dawley rats
were obtained from Holtzman Co. They were
individually caged in an artificially lit (0700-
1900 hr) and windowless room maintained at
constant temperature (23+1 C). Free access
to standard pellet diet and water was per¬
mitted for 1 week, at which time right nephrec¬
tomy was performed on all animals. Thereafter
all rats were fed standard pellets and given 1 %
sodium chloride as drinking solution ad lib.
Treatment was initiated 3 days following
uninephrectomy.

Testosterone was obtained from Steraloids,
Inc., and was checked for purity by melting
point determination and thin-layer chromatog¬
raphy on silica gel. Experimental animals re¬
ceived 10 mg of testosterone daily for 35 days
by subcutaneous injection of a microcrystalline
suspension in 0.2 ml of corn oil. Control rats

1093
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Fig. 3. Section of heart from rat in more severely
hypertensive group treated with 10 mg of testos¬
terone daily for 35 days. Arterioles are char¬
acterized by sclerotic changes and are surrounded
by a proliferative fibroblastic response. Periodic
acid Schiff stain, X250.

uli were in various stages of necrosis, some
terminating in complete sclerosis. The
hearts from these rats, in addition to scle¬
rotic changes in arteriolar walls (Fig. 3)
showed areas of focal necrosis. A pro¬
liferative fibroblastic response was fre¬
quently found to surround sclerotic arter¬
ioles. The severity and frequency of the
lesions in each group are reported in Table 2.

It is apparent that they correlate very well
with the level of systolic blood pressure at¬
tained. The adrenals from the testosterone-
treated rats contained cytoplasmic PAS-
positive globules dispersed throughout
many cells in the zona fasciculata and zona
reticularis (Fig. 4). The significance of these
globules is as yet undetermined, but they
are never found in the adrenals from con¬

trol rats.

Incubations. Fig. 5 shows the results of the
incubation of adrenal homogenates from the
control and two testosterone-treated groups
with progesterone-4-14C. Each set of values
represents the mean of two incubations. Al¬
though the results of a single experiment
are reported here, these studies have been
carried out many times, with the results
always comparable to those reported. It
can be seen that, in the absence of added
NADP, the adrenal homogenates from tes¬
tosterone-treated rats metabolized less of
the added progesterone than did the ho¬
mogenates of control adrenals. Consider¬
able amounts of DOC did accumulate,
however, and very little corticosterone
(B) and 18-hydroxy-ll-deoxycorticoster-
one (18-OH-DOC) were formed. It is ap¬
parent that the adrenals from the more
severely hypertensive rats showed the great¬
est accumulation of DOC. In the presence of
added NADP almost all the progesterone
was metabolized by the adrenal homo¬
genates from all groups, but in the case of
the testosterone-treated rats very little cor¬
ticosterone and 18-OH-DOC was formed
and metabolism was almost entirely to
DOC. In the control incubations in both the |

Table 2. Quantitative evaluation of morphologic changes in kidney and heart

Group and treatment W-jjT ^ =T
% Incidence % Severity % Incidence % Severity

Control 5 14 17 8 12 3

Testosterone 5 8 88 27 44 11
(low blood pressure) ,

Testosterone 5 9 88 52 81 31
(high blood pressure)
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Fig. 4. Section of adrenal cortex from rat in more

severely hypertensive group treated with 10 mg of
testosterone daily for 35 days. The cells of both the
zona fasciculata and zona reticularis contain num¬

erous large and small PAS-positive colloid globules.
Periodic acid Schiff stain, X170.

presence and absence of NADP the major
products from progesterone were cortico-
sterone and 18-OH-DQC. These results in¬
dicate an impairment of steroid 11/3- and
18-hydroxylation activities in the adrenals
from testosterone-treated rats.

Because of the possibility of inhibited
ovarian function being wholly or partially
responsible for the altered steroidogenesis
in the testosterone-treated rats, Tables 4
and 5 are presented to demonstrate sim¬
ilar incubation results obtained in addi¬
tional experiments when intact male or sex¬
ually immature female rats were treated
with the same dose of testosterone for ten

days.

Plasma DOC concentration. DOC determin¬
ations were performed upon samples of the
pooled peripheral plasma from each of the
three groups. The limited amount of plas-

^ PROG ■ DOC

0 B B 18-OH-DOC

Fig. 5. Biosynthesis of corticosterone (B), 11-de-
oxycorticosterone (DOC) and 18-OH-ll-deoxy-
corticosterone (18-OH-DOC) from progesterone-
4-14C (PROG) in the absence (top) and presence
(bottom) of added NADP by adrenal gland homo-
genates from controls and testosterone-treated
rats. The testosterone-treated group was sub¬
divided into a more severely hypertensive (high
B.P.) and a less severely hypertensive (low B.P.)
group and separate incubations were performed for
these 2 subgroups.

ma available permitted only two measure¬
ments for each group. Five ml of plasma
was extracted for each determination. The
method employed was sensitive to a level
of 100 ng of DOC/lOO ml of plasma. The
mean DOC concentration in the plasma
from the control group was 125 ng/100 ml.
The testosterone-treated group which was
less severely hypertensive had 850 ng of
DOC/lOO ml of plasma. The plasma from
the more severely hypertensive group con¬
tained 1800 ng of DOC/lOO ml. Thus, the
levels of DOC seem to reflect fairly well the
rise in systolic blood pressure in the testos¬
terone-treated rats.
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oped. Such a defect in 11/3- and 18-hy-
droxylation in vivo would result in the
overproduction and presumably oversecre-
tion of DOC, a steroid which has been
shown to be hypertensogenic when ad¬
ministered in conjunction with salt (8).
This hypothesis is well supported by the
plasma levels of DOC found for each
group of rats. The testosterone-treated
rats showed a substantial increase in their
plasma DOC concentration, and this
increase paralleled the rise in blood pres¬
sure quite well. This rise in plasma DOC
in the testosterone-treated rats could,
however, also be enhanced by impaired
hepatic metabolism of this steroid. It has
been reported that livers from male rats
have a lesser capacity to reduce the A ring
of cortisone and corticosterone in vitro than
those from females (21-23). Preliminary in¬
vestigations in our laboratory have revealed
that when female rats are administered

large doses of androgen their ability to
metabolize DOC as measured by A ring re¬
duction in vitro is impaired. A more thor¬
ough study of this phenomenon is currently
being undertaken. It is, therefore, quite
reasonable to suspect that the elevation in
plasma DOC after testosterone adminis¬
tration is the result of both increased adre¬
nal cortical production and decreased he¬
patic metabolism of this compound.

The similarity of the renal and cardiac
lesions produced by testosterone treatment
and exogenous DOC administration (8)
lends additional support to the postulated
etiologic role of DOC in testosterone-in¬
duced hypertension. The adrenal atrophy
produced by testosterone administration
can probably be attributed to the inhibition
of pituitary ACTH secretion by this an¬

drogen as suggested by Kitay (24) and the
direct effect of testosterone at the adrenal
level in inhibiting protein synthesis (15).

Our findings and previous reports indi¬
cate two possible mechanisms through
which testosterone may inhibit adrenal
11/3-hydroxylation. The first rests upon the
demonstration that testosterone competi¬

tively inhibits the 11/3-hydroxylation of
DOC in vitro (14). That this phenomenon
in itself is sufficient to produce hyperten- j
sive cardiovascular disease when applied to
the in vivo situation is supported by the ob¬
servation that Metopirone (SU-4885), an
11/3-hydroxylase inhibitor, may induce hy¬
pertension in the rat (25). However, the
situation is somewhat complicated by the
reduced concentration of adrenal mitochon¬
drial cytochrome P-450 found after testos¬
terone treatment. This cytochrome has j
been shown to be the terminal oxidase for
11/3-, 18- and 21-hydroxylations in the adre¬
nal cortex (26-29). Only the mitochondrial
P-450 is reduced, and it is the hydroxyla-
tions associated with the mitochondria (11/3
and 18) that are impaired in vitro. Hy-
droxylation at the 21 position, which is
associated with the microsomes, appears
normal, and similarly microsomal P-450
does not seem to be appreciably affected by
testosterone treatment. Therefore, it would
seem that the impaired 11/3- and 18-hy-
droxylation associated with testosterone ad¬
ministration may result from a competitive
inhibition of the enzyme systems involved,
a decrease in adrenal mitochondrial cyto¬
chrome P-450, or more likely a combination
of both these factors. It is of course also

possible that since intact female rats were
employed in this study an inhibition of
ovarian function may have contributed to
the abnormality in adrenal steroidogenesis
observed. It has been demonstrated that
17/3-estradiol may stimulate adrenal 11/3-
hydroxylation (30). However, the follow¬
ing points lead us to believe that this effect
was not significant in the present study.
1. We have found comparable incubation results
and P-450 levels when male rats were similarly
treated (Table 4).
2. Sexually immature female rats also present the
same pattern of abnormal in vitro steroidogenesis
and decrease in P-450 when treated with testos¬
terone (Table 5).
3. Our own studies with ovariectomized rats have
in the past revealed no differences in in vitro ste¬
roidogenesis from intact females as measured in
the incubation system employed.
4. It has been demonstrated that androgens can
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effectively inhibit 11 /3-hydroxylation in vitro in
the bovine adrenal (14), a finding we have con¬
firmed for the rat.

It would therefore appear that testosterone
is able to directly alter adrenal function so
that abnormally large amounts of DOC are
secreted, resulting in the production of hy¬
pertensive disease.

It has been recently demonstrated that
DHEA inhibits adrenal 11/3-hydroxylation
in vivo in the dog (31). The same laboratory
found that some humans suffering from es¬
sential hypertension had low urine levels of
DHEA-sulfate (32). These findings taken
in conjunction with our reported observa¬
tions suggest a possible role for androgens
in the modulation of adrenal cortical activ¬

ity with respect to blood pressure homeo¬
stasis.
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Hypertensive vascular disease failed to develop in
uninephrectomized, bilaterally adrenalectomized rats
treated with methylandrostenediol or methyltestoster-
one, whereas rats which were only uninephrectomized
developed hypertension when treated with these an¬
drogens. Hypertension also did not develop in uni¬
nephrectomized, bilaterally adrenalectomized rats
treated with methylandrostenediol or methyltestoster-
one which received daily maintenance doses of corti-
costerone. None of the findings typical of androgen-
induced hypertension, such as high sodium intake,
high plasma levels of sodium, low plasma levels of
potassium, and low renal concentrations of renin,

Skelton20 and Salgado and Selye17 reported that the
administration of 17a-methylandrostenediol (MAD) in¬
duced severe hypertension and panarteritis in unine¬
phrectomized rats drinking 1 per cent sodium chloride.
More recently, Molteni, Brownie, and Skelton15 and
Colby, Brownie, and Skelton6 have shown that other
androgens such as 17a-methyltestosterone (MT) and tes¬
tosterone also can induce hypertension in the rat pro¬
vided that conditions of uninephrectomy and increased
salt intake were observed.

The pathogenesis of these forms of experimental
hypertension appears to involve dysfunction of the
adrenal cortex due to the treatment with androgens. It
has been shown that an excessive amount of 11-deoxy-
corticosterone (DOC) is produced by adrenal homoge-
nates from androgen-treated rats when they are incu¬
bated with radioactive progesterone.4' 6' 23 Furthermore,
high concentrations of DOC were found in the adrenal
venous blood of MAD-treated rats.10 These observa¬
tions led to the suggestion4 that the hypertensive effect
of these androgens was mediated through the excessive
production of DOC, a mineralocorticoid long known to
produce hypertension in rats.18

If this pathogenetic mechanism is true, the presence of
the adrenal cortex would be necessary for the develop¬
ment of androgen-induced hypertension. Previous stud¬
ies of this question are contradictory. Salgado and
Selye10 failed to observe hypertension after MAD ad-

were seen in the adrenalectomized animals treated
with androgens, whereas the renotrophic and thymo-
lytic effects were still evident. The presence of the
adrenals is, therefore, necessary for the development
of androgen-induced hypertension. These studies
support other findings which indicate that the andro¬
gens directly affect adrenal cortical steroid biosynthe¬
sis, resulting in the increased secretion of the hyper¬
tensive steroid, 11-deoxycorticosterone.

Additional key words: Methylandrostenediol,
Methyltestosterone, High blood pressure, Adrenal
glands, Renal renin.

ministration to salt-drinking, adrenalectomized, and uni¬
nephrectomized rats, whereas Crane, Porter, and Ingle7
found that hypertension did occur in such animals given
a maintenance dosage of adrenal cortical extract. The
latter authors then argued that MAD could well have
had a direct hypertension-inducing effect not mediated
through the adrenal cortex. In this study we have re¬
examined this problem, with the use of both MAD and
MT as hypertension-inducing agents.

MATERIALS AND METHODS

For this study 42-day-old female rats of the Sprague-
Dawley strain, obtained from the Charles River Breed¬
ing Laboratories, Inc., Brookline, Massachusetts, were
used. Their average body weight was approximately
120 gm. at the start of the experiment. All of the rats
were uninephrectomized, and on some of them bi¬
lateral adrenalectomy was performed according to the
procedure suggested by Ingle and Griffith.11 Immedi¬
ately after surgery all of the animals were fed a diet
containing 0.5 per cent sodium chloride, were given free
access to a 1 per cent sodium chloride drinking solu¬
tion, and were maintained in a room kept at 22.5 ±
1° C. with 12-hour light and dark cycles. At 3 days after
operations, subcutaneous injections of MAD, MT,
and corticosterone were started and were given for 5 days
each week. The steroids were administered suspended in
0.2 ml. of corn oil. Groups of rats with intact adrenals
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and other groups which had been adrenalectomized were
treated with MAD or MT alone and also with MAD
or MT plus corticosterone. Appropriate control groups
were included. Groups which were treated with MAD
were killed after 6 weeks and those treated with MT
were killed after 8 weeks. The daily dosage of MAD was
10 mg. and of MT, 20 mg.

Body weights and systolic blood pressures were meas¬
ured weekly. Systolic blood pressures, plasma sodium
and potassium, percentage incidence and severity of
lesions, juxtaglomerular indices, and renal renin con¬
tent were determined by methods previously described.1"'
Corticosteroid biosynthesis in adrenal homogenates
was measured by methods described by Brownie and
Skelton.3

RESULTS

All of the animals tolerated the injections well. Only
eight rats died of bronchopneumonia (4.5 per cent), and
the results obtained on these animals were discarded.
This report deals only with completely adrenalecto¬
mized rats which survived the full duration of the

experiment. Nine of the adrenalectomies were incom¬
plete, and the results on these animals were discarded.
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Fig. 2. Mean systolic blood pressures of control and adrenalec¬
tomized rats treated with MAD, MT, and corticosterone (B). The
vertical lines represent 1 standard error of the mean.

BODY WEIGHT
gm

CONTROLS

ADRENALECTOMIZED
MT

ADRENALECTOMIZED * MT

CONTROLS*B
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MT ♦ B

ADRENALECTOMIZED»B»MT

Fig. 1. Mean body weights of control and adrenalectomized rats
treated with MAD, MT, and corticosterone (b). The vertical lines
represent 1 standard error of the mean.

Body Weight

The effects of MAD and MT on body weight are
shown in Figure 1. Adrenalectomy led to a lowering of
body weight, and this was not reversed by treatment
with MAD or MT. Treatment of intact rats with MT

gave rise to an increase in body weight. Simultaneous
treatment with MT and corticosterone (B) prevented
the increase in body weight due to MT treatment alone.
Adrenalectomized rats treated with MT also did not

show the increase in body weight seen in rats with
adrenal glands.
Systolic Blood Pressure

Mean systolic blood pressures in the various groups
are given in Figure 2. The control animals of this
strain showed a particularly low and stable systolic
blood pressure, in spite of the uninephrectomy and
free access to 1 per cent sodium chloride drinking
solution.

Intact rats treated with MAD or MT developed
significant hypertension when compared with the un¬
treated, intact rats considered as controls, by the 3rd
week of treatment. The MT-treatecl rats after 6 weeks
of therapy had less elevated blood pressures than cor¬
responding rats treated with MAD. It is apparent that
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in the groups of adrenalectomized rats, including
those treated with injections of corticosterone and given
MAD or MT, none developed blood pressures above those
of the controls. Indeed adrenalectomized rats treated
with MAD or MT had lower systolic blood pressures
than adrenalectomized controls. Simultaneous treatment

with corticosterone as well as with MAD or MT led
to smaller increases in blood pressure in intact rats
than was found with MAD or MT treatment alone.

Sodium Intake

Sodium intake values for the various groups are shown
in Table 1. Administration of MAD or MT to intact
or adrenalectomized rats caused an increase in sodium
intake. The increase was particularly large in rats
with intact adrenals. Adrenalectomy as such led to a
decrease in sodium intake when compared with non-
adrenalectomized controls. Sodium intake was also in¬
creased by treatment with corticosterone; this occurred
in the presence or absence of concomitant androgen
therapy.
Plasma Sodium and Potassium

The plasma sodium and potassium values for the
various groups at the termination of the experiment
are shown in Figures 3 and 4. It can be seen that sodium
levels were increased only in MAD- or MT-treated
rats which had intact adrenal glands. MAD-treated
animals which were also given corticosterone also
showed this hypernatremia. On the other hand, rats
which were treated with MT and corticosterone did not

150.
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ifS
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S ADRENALECTOMIZED H ADRENALECTOMIZED.B

B ADRENALECTOMIZED.MAD S ADRENALECTOMIZED.MAD«B

□ CONTROLS E CONTROLS.B

B MAD S MAD.B

Fig. 3. Plasma levels of sodium (lop) and potassium (bottom) in
control and adrenalectomized rats treated with MAD and corti-
costcrone (B). The vertical bars represent 1 standard error of the
mean.

Table 1. Average Sodium Intake of Intact and Adrenalec¬
tomized Rats Treated with Methylandrostenediol (MAD),

Methyltestosterone (MT), and Corticosterone (B)

PLASMA SODIUM
mEq/L

Groups and treatment
No. of
animals Sodium intake

gm./wk.
Control 6 4.97 ± 0.12"
MAD 11 6.26 ± 0.246
Adrenalectomized 7 4.36 ± 0.12
Adrenalectomized + MAD 11 5.10 ± 0.176

Control + B 6 5.91 ± 0.24
MAD + B 12 6.59 ± 0.22b
Adrenalectomized + B 15 5.11 ± 0.14
Adrenalectomized + MAD + B 20 5.37 ± 0.17

Control 5 5.12 ± 0.15
MT 10 7.21 ± 0.35b
Adrenalectomized 7 4.36 ± 0.12
Adrenalectomized + MT 12 4.62 ± 0.30

Control + B 5 6.10 ± 0.24
MT + B 12 6.86 ± 0.246
Adrenalectomized + B 15 5.11 ± 0.14
Adrenalectomized + MT + B 19 5.39 ± 0.13

a ± Standard error of the mean.

b p < 0.05 when compared with corresponding controls. MAD
was given at a dosage of 10 mg. daily for 6 weeks. MT was given
at a dosage of 20 mg. daily for 8 weeks. Corticosterone-treated rats
received 1 mg. daily.

S ADRENALECTOMIZED

B ADRENALECTOMIZED.MT

□ CONTROLS

B MT

□ ADRENALECTOMIZED.B

S3 ADRENALECTOMIZED.MT.B

0 CONTROLS.B

S MT.B

Fig. 4. Plasma levels of sodium (top) and potassium (bottom) in
control and adrenalectomized rats treated with MT and corticos¬
terone (B). The vertical bars represent 1 standard error of the mean.
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show any elevation of plasma sodium when compared
with controls. In general, adrenalectomy produced the
expected hyponatremia which was not overcome by
MAD or MT treatment, but was corrected by treat¬
ment with corticosterone.

A significant increase in plasma potassium levels was
found in the adrenalectomized rats, especially when
MAD or MT was also administered. Animals with
intact adrenals, treated with MAD or MT, tended to
have lower potassium levels than controls, but the dif¬
ferences were not significant. However, when rats were
given both MAD and corticosterone, the potassium levels
were significantly lower than those of rats treated with
corticosterone alone. Adrenalectomized rats treated with
corticosterone showed less hyperkalemia than those not
treated with corticosterone, and simultaneous treat¬
ment with MAD or MT then had less effect.

Juxtaglomerular Indices
Figures 5 and 6 illustrate that kidneys of rats treated

with MAD or MT had very low juxtaglomerular in¬
dices. On the other hand, adrenalectomized rats had
high juxtaglomerular indices when compared with in-

□ ADRENALECTOMIZED H ADRENALECTOMIZED + B

B ADRENALECTOMIZED + MAD D ADRENAL ECTOMIZED + MAD+B

□ CONTROLS ® CONTROLS + B

5 MAD & MAD+B

Fig. 5. Renal renin levels (top) and juxtaglomerular indices
(bottom) in control and adrenalectomized rats treated with MAD
and corticosterone (B). The vertical bars represent 1 standard error
of the mean.
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20.

100.

80.
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40.

20.

S ADRENALECTOMIZED H ADRENALECTOMIZED+B

S ADRENALECTOMIZED+MT S ADRENALECTOMIZED+MT+B

EI CONTROLS & CONTROLS+B

B MT & MT+B

Fig. 6. Renal renin levels (top) and juxtaglomerular indices
(bottom) in control and adrenalectomized rats treated with MT
and corticosterone (B). The vertical bars represent 1 standard error
of the mean.

tact controls. MAD or MT treatment of adrenalecto¬
mized rats lowered these indices; however, the levels
were still above those found in intact controls. Simul¬
taneous corticosterone administration along with the
androgens did not appear to have any marked effect on
juxtaglomerular indices.
Renal Renin Levels

Intact rats treated with MAD or MT had extremely
low renal renin levels (Figs. 5 and 6). Adrenalectomy
produced an increase in renin levels. Adrenalectomized
rats treated with MAD or MT had renin levels approxi¬
mately the same as intact controls.
Organ Weights

The organ weights of the various groups at the
termination of the experiment are shown in Table
2. Administration of MAD or MT led to a marked in¬
crease in kidney weight in intact rats; this was also
seen in adrenalectomized animals treated with these an¬

drogens. Simultaneous administration of corticosterone
did not appear to affect this increase in kidney weight.
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Table 2. Organ Weights of Intact and Adrenalectomized Rats Treated with Methylandrostenediol (MAD),
Methyltestosterone (MT), and Corticosterone (B)a

Pituitary Ovaries Adrenals

mg.

12.0 ± 1.8 66.3 ± 3.5 66.5 ± 3.2
10.1 ± 0.5 26.7 ± 2.6 51.5 ± 2.0
15.0 ± 0.7 81.0 ± 6.0
9.9 ± 0.9 16.3 ± 1.9

12.6 ± 1.0 66.0 ± 12.3 55.0 ± 4.2
9.1 ± 0.6 21.6 ± 4.8 48.9 ± 2.4

15.6 ± 0.8 77.0 ± 6.6
11.3 ± 0.5 17.0 ± 1.0

15.0 ± 1.9 64.0 ± 5.9 72.0 ± 2.3
9.5 ± 0.3 21.2 ± 1.5 49.7 ± 1.8

15.0 ± 0.7 81.0 ± 6.0
11.6 ± 0.8 17.7 ± 2.0

13.2 ± 2.4 72.4 ± 5.7 50.2 ± 2.7
8.5 ± 0.3 21.3 ± 2.4 42.6 ± 2.8

15.6 ± 0.8 77.0 ± 6.6
9.7 ± 0.3 19.3. ± 1.9

Groups and treatment
No. of
animals

Control 6

MAD 11

Adrenalectomized 7
Adrenalectomized + MAD 11

Control + B 6

MAD + B 12

Adrenalectomized + B 15

Adrenalectomized + MAD + B 20

Control 5

MT 10

Adrenalectomized 7

Adrenalectomized + MT 12

Control + B 5

MT + B 12

Adrenalectomized + B 15

Adrenalectomized + MT + B 19

Kidney Heart Thymus

1443 ± 616
2795 ± 68
1391 ± 58
2459 ± 219

1514 ± 108
2935 ± 175

1439 ± 49
2036 ± 67

1505 ± 73
2612 ± 165
1391 ± 58

2192 ± 145

1675 ± 34
2206 ± 120
1439 ± 49
1831 ± 60

840

1125
1086
1005

61

29
33

29

910 ± 57
1098 ± 42
1151 ± 37
1107 ± 36

901 ± 39
1215 ± 59

1086 ± 33

1093 ± 67

1032 ± 29
1042 ± 38
1151 ± 37
1187 ± 46

492 ± 56
128 ± 27
577 ± 23

129 ±

341 ± 43
86 ± 11

615 ± 39
112 ± 15

396 ± 25
125 ± 22
577 ± 23

122 ± 14

254 ± 43
63 ± 6

615 ± 39
77 ±

° Rats were treated with MAD, MT, and B as indicated in Table 1.
' ± Standard error of the mean.

Adrenalectomy and androgen treatment led to in¬
creased cardiac weight. All of the animals treated with
androgens showed marked thymic involution which
also occurred to a lesser extent in rats treated with
corticosterone alone. Although aclrenalectomized rats
showed an increase in pituitary weight, rats which
were treated with androgens had smaller pituitaries.
These effects were seen in the presence or absence of
corticosterone administration. Androgen treatment led
to marked decreases in the weight of the ovaries.

Administration of MAD or MT produced a signifi¬
cant fall in the weight of the adrenal gland of rats. This
effect was also seen in animals treated with androgens
and corticosterone, and indeed corticosterone treatment
alone produced a significant fall in adrenal weight.

Morphologic Findings

It can be seen in Table 3 that both MAD and MT

produced a high incidence of lesions in the kidney of
animals with adrenals. Severity and incidence of these
lesions were slightly greater in the MAD-treated than
in the MT-treated rats. These abnormal kidneys were
large, pale, and soft with numerous white or hemor¬
rhagic spots scattered over the capsular surface. Mi¬
croscopic examination of these organs revealed the

J

presence of hyaline degeneration of small arterioles, glo¬
merular enlargement and hyalinization, tubular dilation
with cloudy swelling of the epithelial cells, segmental
thickening of tubular basement membrane, and hyaline
cast formation. When corticosterone was given along
with MAD or MT, the same morphologic findings were
present, but they were less severe. When adrenalecto¬
mized rats were treated with androgens, the renotrophic
action of the androgens still occurred, but the incidence

Table 3. Quantitative Evaluation of Morphologic Changes
in Kidney and Heart of Intact and Adrenalectomized Rats
Treated with Methylandrostenediol (MAD), Methyltes¬

tosterone (MT), and Corticosterone (B)

Groups and treatment
Kidney Heart

Incidence Severity Incidence Severity

% %

Control 0 0 0 0

MAD 100 33 58 20

Adrenalectomized 0 0 0 0

Adrenalectomized + MAD 23 5 0 0

Control + B 0 0 0 0

MAD + B 42 16 33 6

Adrenalectomized + B 0 0 0 0

Adrenalectomized + MAD + 0 0 0 0

B

Control 0 0 0 0

MT 70 19 50 11

Adrenalectomized 0 0 0 0

Adrenalectomized + MT 17 2 0 0

Control + B 0 0 0 0

MT + B 42 8 0 0

Adrenalectomized + B 0 0 0 0

Adrenalectomized + MT + B 10 1 0 0

and severity of lesions in the kidney was markedly
reduced. These kidneys were large, pale, and soft but
were without hemorrhagic areas.

Microscopic lesions in the heart were found only in
rats which had become hypertensive because of the
administration of MAD or MT. These lesions consisted
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Table 4. Adrenal Steroidogenesis in Rats Treated with

Methylandrostenediol (MAD), Methyltestosterone
(MT), and Corticosterone (B)

Groups and treatment

Conversion of progesterone-14C to:

Progesterone DOC B 18-OH-DOC"

Control 9b 7 58 16

MAD 2 80 0 0

Control -f- B 5 37 36 12
MAD + B 2 76 11 5

Control 2 11 52 17

MT 6 88 3 2
Control + B 4 40 39 14

MT + B 3 90 4 1

" 18-OH-DOC, 18-hydroxy-l 1-deoxycorticosterone.
b Unmetabolized progesterone.

of scattered areas of focal myocardial necrosis with
hyaline degeneration of the intirna and media of the
small arteries, often accompanied by adventitial infiltra¬
tion of chronic inflammatory cells and fibroblasts.
Adrenalectomized rats treated with androgens did not
display these changes, whether or not they were also
treated with corticosterone.

Periarteritis nodosa was found in pancreatic and
mesenteric arteries of approximately 20 per cent of
MAD- or MT-treated rats. No such lesions were found in
adrenalectomized rats treated with these androgens.
CORTICOSTEROIDOGENESIS

Adrenal homogenates were prepared from those
groups with intact adrenal glands. These homogenates
were incubated with progesterone-4-14C (Table 4), and
its conversion to DOC, corticosterone, and 18-hydroxy-
DOC was measured. It is apparent that adrenals from
androgen-treated groups, with or without the adminis¬
tration of corticosterone, had greatly reduced ability
to form corticosterone and 18-hydroxy-DOC when com¬
pared with corresponding controls. Thus 11/1 and 18-
hydroxylations were inhibited. 21-Hydroxylation of
progesterone did occur in the adrenals from androgen-
treated rats, resulting in the accumulation of DOC. It is
apparent that corticosterone administration partially
impaired the ability of adrenal homogenates to con¬
vert progesterone to corticosterone and 18-hydroxy-DOC.

DISCUSSION

These experiments have shown that neither 17a-
methylandrostenediol nor 17a-methyltestosterone can in¬
duce hypertension in adrenalectomized rats even when
a "physiologic" level of corticosterone is given to correct
the endocrine imbalance produced by the adrenalec¬
tomy. Thus, the data confirm the original observations
of Salgado and Selye10 and are in contrast to the find¬
ings of Crane, Porter, and Ingle.7 It should be pointed
out that the latter investigators maintained adrenalec¬
tomized animals on an extract of beef adrenal cortex

which itself proved to be hypertensive at the dose of 2
mg. per day. It therefore appears that the adrenal ex¬
tract was contributing to a large extent to the appear¬

ance of hypertension in rats which were also given
MAD. In our experiments, two different groups of rats
which were adrenalectomized and received corticosterone

daily did not display any increase in blood pressure.
In view of the reports by Gaunt8 and Iwai, Knudsen,
Dahl, and Tassinari12 regarding accessory adrenal tissue
in the rat, we have examined the adrenalectomized
rats very carefully for such accessory tissue. The fact that
androgen treatment did not lead to the development of
hypertension supported our anatomical inspection and
conclusion that accessory adrenal tissue was not pres¬
ent. In some rats an incomplete adrenalectomy occurred
resulting in the presence of regenerating adrenal tissue
and the occurrence of adrenal regeneration hyperten¬
sion.21

It seems apparent that the pathogenesis of androgen-
induced hypertension involves an effect of the andro¬
gen directly or indirectly on the adrenal gland. It has
been shown in the present study and in others4' 15' 22> 23
that androgen treatment interferes with normal corti-
costeroidogenesis so that large amounts of DOC ac¬
cumulate in vitro. This in vitro finding is supported by
the observation that DOC levels are elevated in the
adrenal venous blood of MAD-treated rats.10 More re¬

cent studies2'5' 23 have indicated that when rats are

treated with androgens such as MAD, MT, and testos¬
terone, changes occur in the ultrastructure of adrenal
cortical mitochondria, adrenal mitochondrial levels of
cytochrome p450 fall, and the androgens themselves be¬
come bound to the cytochrome pi50 and prevent nor¬
mal rates of steroid 1 l/?-hydroxylation. The end result
is that DOC is not converted to corticosterone and

18-hydroxy-DOC at normal rates and DOC is secreted;
in elevated amounts. The high DOC levels, coupled
with the increased intake of sodium chloride, brings
about the development of hypertensive vascular disease
in these treated animals.

The androgen thus appears to have a direct action on
the adrenal cortex, bringing about dysfunction, and it
is not surprising that adrenalectomized rats do not be¬
come hypertensive when treated with MAD or MT. All
of the findings which usually accompany DOC or an-
drogen-induced hypertension, such as high sodium
chloride intake, elevated plasma sodium, low plasma
potassium, low renal juxtaglomerular indices, and renin
content, failed to occur in adrenalectomized rats

receiving androgens. Androgen hypertension thus dif¬
fers from DOC or metacorticoicl hypertension in that
these latter two forms of hypertensive vascular disease
may occur in the rat or dog, even in the absence of the
adrenals, provided that an adequate supply of salt is
given to the animal.0' 14- 24

Although hypertension did not develop in adrenalec- *
tomized rats treated with androgens, other effects were
produced by the androgens. Both MAD and MT ex¬
erted a renotrophic effect independent of the presence
of adrenals and hypertension. This effect of androgens
on the kidney is well known.13. 10 The thymolytic ef¬
fect of MAD and MT in adrenalectomized rats con¬

firmed previous findings by Salgado and Selye17 and
Aschkenasy.1
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The elevated level of renal renin in adrenalectomized
rats is of special interest, in conjunction with the in¬
creased granularity of the juxtaglomerular cells. The
latter finding is in support of the prior observations of
Tobian, Thomas, Twedt, and Janecek.25
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It is still controversial whether or not the
administration of deoxycorticosterone acetate
(DOCA) to hypophysectomized rats induces
hypertensive vascular disease. According to
several authors (1-4), DOCA treatment fails
to produce hypertension in these animals
whereas according to others (S) hypertension
does occur, although the lesions typical of
the disease are less severe than those seen in
normal rats. More recently, it was demon¬
strated that hypertensive vascular disease,
identical in its morphological appearance to
that produced by DOCA, is induced in
the rat by administration of androgens
such as methylandrostenediol (MAD) (6),
methyltestosterone (MT) (7), and testos¬
terone (8, 9). It was also shown that the
hypertensive action of these androgens is in¬
direct and the consequence of an increased
production of deoxycorticosterone (DOC) at¬
tributable to an impairment of the normal
steroid biosynthesis in the adrenal glands of
rats receiving these androgens (7-10). Fur¬
thermore, high Levels of DOC were measured
in the plasma (9, 11) in MAD and testos¬
terone-treated animals.

Therefore, in view of the relationship be¬
tween DOC-induced hypertension and that
induced by androgens, we carried out the
present investigation to ascertain whether re¬
moval of the pituitary could modify the inci¬
dence of androgen-induced experimental hy¬
pertensive vascular disease.

Materials and Methods. Ninety day old
female rats of the Sprague-Dawley CD
strain, supplied by Charles River, Inc. were
used. All animals were right nephrectomized,
given free access to 1% NaCl drinking solu¬

1 Deceased, Oct., 1969.

tion, fed a diet containing 0.5% NaCl with
the daily addition of one eighth of a fresh
orange and maintained in a room kept at
28°, with 12 hr light and dark cycles. Three
days after nephrectomy some of the rats were
hypophysectomized. After 1 wk of rest all
rats, whether or not hypophysectomized, were
divided into the following groups:

Group 1 (controls) consisted of 10 rats
receiving a subcutaneous daily injection of
0.2 ml of corn oil for 5 days a week. Groups
2, 3, and 4 consisted of 10 rats each, inject¬
ed, respectively, with 10 mg of MAD or 20
mg of methyltestosterone or 10 mg of testos¬
terone dissolved in 0.2 ml of corn oil. Group
5 consisted of 16 hypophysectomized rats re¬
ceiving 0.2 ml of corn oil. Groups 6, 7, and 8
also consisted of 21 hypophysectomized rats
each receiving, respectively, 10 mg of MAD,
20 mg of methyltestosterone or 10 mg of
testosterone dissolved in 0.2 mg of corn oil.
For all of these groups the schedule and
administration route was the same as of the
controls.

The treatment was carried on for 6 wk and
the rats were killed by decapitation at the
end of this time period. Body weight and
systolic blood pressure were recorded in each
animal at the beginning and end of the exper¬
iment. Systolic blood pressure was deter¬
mined in the tail with a Physiograph Four (E
6 M instrument Co., Houston, TX), using a
technique reported previously (7). Plasma
concentrations of sodium and potassium were
determined with a Beckman B flame photom¬
eter. All organs to be studied histologically
were placed in a 10% buffered formalin,
trimmed after fixation and weighed. Rep¬
resentative blocks were embedded in paraffin,
cut at 5 pm and stained by the periodic
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TABLE I. Effect of Methylandrostenediol, Methyltestosterone and Testosterone on the Body
Weight and the Systolic Blood Pressure of Normal and Hypophyseetomized Bats.

Systolic blood pressure
Body wt (g) (mm Hg)

Treatment No. of .

Treatment (wk) rats Initial Final Initial Final

Controls 6 10 130 ± 7" 247 ± 2 96 ± 2 101 ± 2
Methylandrostenediol 6 10 128 ± 6 236 ± 8 91 ± 3 148 ± 5"
Methyltestosterone 6 10 132 ± 2 256 ± 5 95 ± 3 140 ± 7s
Testosterone 6 10 133 ± 3 253 ± 8 96 ± 4 138 ± 5"
Hypophyseetomized 6 16 128 ± 2 121 ± 2 98 ± 2 77 ± 2
Hypophyseetomized + 6 21 128 ± 2 114 ± 2 90 ± 2 79 ± 2

methylandrostenediol
Hypophyseetomized + 6 21 128 ± 2 114 ± 2 94 ± 2 79 ± 2

methyltestosterone
Hypophyseetomized + 6 21 128 ± 1 118 ± 2 92 ± 2 83 ± 3

testosterone

" Standard error of the mean (SEM).
" p < .01.

acid-Schiff procedure. All numerical data
were analyzed according to Student's "t" test
for small sample size, and throughout the
remainder of this report the differences be¬
tween means having a p value < .05 are
considered significant and a p value of < .01
are considered highly significant.

Results. It is shown in Table I that ani¬
mals with an intact hypophysis gained in
weight during the experiment. The hy-
pophysectomized rats lost weight and such
loss was not corrected by the administration
of MAD, MT or testosterone. A significant
increase in systolic blood pressure was evi¬
dent in normal rats receiving the androgens
and among these animals, those receiving
MAD showed the highest increase. On the
other hand, in hypophysectomized rats, the
systolic blood pressure decreased significantly
whether or not the rats were treated with
the three androgens (Table I).

An increase in plasma sodium concentra¬
tions was evident in all animals hypophysec¬
tomized or not, treated with the three
steroids. Such an increase, however, was sig¬
nificant only for the intact rats receiving
MAD. Plasma concentrations of potassium
were slightly increased in intact animals re¬
ceiving methyltestosterone and testosterone,
and slightly decreased in all hypophysecto¬
mized rats receiving androgens (Table II).

In Table II are also reported the weights
of kidneys, hearts, thymus, adrenals, and
ovaries. Hypophysectomy caused a decrease
in the weight of all of these organs which was
particularly evident in the thymus, adrenals,
and ovaries. Androgen treatment produced
an increase in the weight of kidneys and
hearts in both normal and hypophysecto¬
mized rats. This increase, however, was more
evident in the intact rats. Steroid administra¬
tion produced a marked reduction of the thy¬
mus weight in all rats. A significant decrease
was seen in the weight of adrenals and ovaries
in the intact rats receiving MAD, MT or
testosterone, while administration of the same
hormones in the hypophysectomized animals
produced a very modest increase in the
weights of both glands which became signifi¬
cant for the rats receiving testosterone.

The kidneys, hearts, and the arterioles of
the pancreatic mesentery of the hypertensive
rats receiving androgens had gross and micro¬
scopic lesions typical of the disease and al¬
ready extensively described (6-9). On the
other hand, the same organs in hypophysec¬
tomized rats treated with the three androgens
did not present any such gross or histologic
changes. The only modification was a slight
enlargement of the kidneys which were paler
than those of the controls. At microscopic
examination, some tubular cloudy swelling
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TABLEII.PlasmaSodiumandPotassiumConcentrationsandWeightsofPertinentOrgansofNormalandHypophysectomizedRatsTreatedwith Methylandrostenediol,Methyltestosterone,andTestosterone.
Treatment

PlasmasodiumPlasmaK (mEq/liter)(mEq/liter)

Weight(mg)

Kidney

Heart

Thymus

Adrenals

Ovaries

W o W
Kj

C/i

M O H O g
Kj

t—(
> 2 o w o o w 2

t-l
2 O

Cl

o M a W
Kj

hj

M W H W 2

C/3 H-l
o 2

Controls

143±1°

5.4±0.1

1443±

61

840±61

492±56

66.5±3.2

66.3±3.5

Methylandrostenediol
148±2'

5.3±0.2

2795±

60°

1125±29°

128±27°

51.0±2.0'

26.7±2.4

Methyltestosterone

146±1

6.0±0.3

2612±

165°

1215±59°

125±22°

49.7±1.8'

21.2±1.5

Testosterone

146±2

6.4±0.3s

2475±128°

1066±33'

126±29°

50.5±2.5'

23.1±2.0

Hypophysectomized

142±1

5.8±0.2

580±

19

508±14

135±9

8.7±0.6

9.2±0.7

Hypophysectomized-f-
144±1

4.5±0.5

718±

30'

540±19

39±11°

9.3±1.2

11.3±1.1

methylandrostenediol Hypophysectomized+
144±1

4.7±0.6

681±

14'

511±14

29±5°

9.9±0.9

12.0±1.0

methyltestosterone Hypophysectomized+
148±1

4.9±0.5

698±

20'

552±18

22±3°

10.3±0.5'

12.4±1.0'

testosterone aStandarderrorofthemean(SEM). &v<-05. cp<.01.
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and a few tubular hyaline casts were seen in
these kidneys. Adrenals of androgen-treated
rats bearing the pituitary gland showed vacu¬
olization and formation of PAS-positive col¬
loid droplets in the cells of a zona fascicu-
lata. In the hypophysectomized animals,
whether or not treated with androgens, there
was a considerable reduction in thickness of
all three zones of the adrenal cortex, but no
changes were evident within the cells of each
zone.

Discussion. Failure of androgens to pro¬
duce 'hypertensive vascular disease in hy¬
pophysectomized rats indicates that not only
the adrenals (12, 13), but the pituitary is
essential in the development of the disease. It
is likely that ACTH stimulation is needed
for the production of sufficient amounts of
DOC by the adrenal glands of androgen-
treated rats to cause hypertension. The im¬
portance of ACTH on the enhancement of
MAD-induced hypertension has already been
shown (8).

The renotropic and thymolytic effects of
the androgens, already reported both in nor¬
mal (14) and hypophysectomized (IS) rats,
suggest a direct action of these hormones on
these target organs, independent of their
effect on the adrenals and the pituitary. As
previously shown (IS, 16), the weights of the
adrenals in hypophysectomized rats in¬
creased after androgen administration. In our

experiment, however, such an increase was
rather small and significant only in rats re¬
ceiving testosterone. A significant increase in
the weight of the ovaries was also found
following MT or testosterone administration
in contrast to that reported by Leonard (16).
Our treatment, however, was more prolonged
and that may explain such contradictory re¬

ports. It is remarkable that, contrary to the
hypophysectomized rats, animals with an in¬
tact pituitary showed a severe reduction of
both ovarian and adrenal weight following
androgen treatment (9, 10), thus confirming
the essential role of the pituitary gland in
regulating some of the effects of these hor¬
mones.

Summary. Administration of methylan-

drostenediol, methyltestosterone and testos¬
terone to hypophysectomized rats failed to
produce the hypertensive vascular disease
usually seen in normal animals receiving the
same androgens. It is, therefore, evident that
the pituitary, in addition to the adrenals,
plays an essential role in the pathogenesis of
androgen-induced hypertension and it is very
likely that the constant stimulation of the
adrenal gland by ACTH is essential to the
development of such hypertensive disease.

This work was supported by Research Grant HE
06975 from the National Heart and Lung Institute
and by Training Grant GM 01500 from the Nation¬
al Institutes for General Medical Sciences, Bethesda,
MD. The authors thank Mr. L. Joseph, Mrs. D. Ide,
Mrs. ■ G. Joseph, and Mrs. B. Cole for technical
assistance.
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Irreversibility of Methylandrostenediol-lnduced
Hypertension in the Rat After Suspension
of the Androgen Treatment

Agostino Molteni, MD, PhD, Alexander C. Brownie, PhD,
Peter A. Nickerson, PhD and Floyd R. Skelton, MD, PhD

Administration of 10 mg of methylandrostenediol for 10 weeks to uninephrectom-
ized, salt drinking, female Sprague Dawley rats caused severe hypertension with
extensive renal and cardiovascular damage. The hypertension was accompanied
by increased consumption of sodium, high sodium levels in peripheral plasma,
decreased weight of the pituitary, thymus, adrenals and ovaries and decreased
content of renal renin. Methylandrostenediol treatment also produced impairment
of normal adrenal steroidogenesis, reflected in elevated production in vitro of
11-deoxycorticosterone during incubation of adrenal gland homogenates with
14C-progesterone. Such increased production of deoxycorticosterone is probably
responsible for the development of the hypertensive disease. If the methyland-
rostenediol-treated animals were kept alive for 12 additional weeks after suspen¬
sion of the treatment with the androgen, the hypertension, as well as the high
sodium consumption, high plasma sodium concentrations and low levels of renal
renin, persisted to the end of the experiment. The cardiovascular and renal lesions
in these animals, killed 12 weeks after suspension of the androgen administration,
were similar to those seen in the rats receiving methylandrostenediol but killed at
the tenth week of the treatment. Suspension of methylandrostenediol administra¬
tion, however, resulted in a return to normal weight of the pituitary, thymus,
adrenals and ovaries within 12 weeks. Normal amounts of deoxycorticosterone
were formed in vitro by the adrenal glands of these rats and the return to normal
structure was also confirmed by a electron microscopic study. Thus, contrary to a

previous experiment where methylandrostenediol was given for a shorter period
of time and the hypertension was reversible, it was shown in this study that
metacorticoid hypertension is induced by methylandrostenediol administration, as
it is with treatment with deoxycorticosterone. Since adrenal steroidogenesis re¬
turned to normal, some other mechanisms must be involved in maintaining the
hypertension. It is very likely that these factors are consequent to the extensive
and irreversible renal and cardiovascular damage (Am J Pathol 69:179-194,
1972).

Several investigators have shown that hypertension and
panarteritis induced by deoxycorticosterone acetate in rats and dogs
subsides after the steroid is discontinued, as long as it was admin-
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istered for a short period of time.1"4 However, with prolonged treat¬
ment the hypertensive syndrome persists after the administration of
deoxycorticosterone acetate is stopped.5

Skelton G and, later, Salgado and Selye 7 showed that severe hyper¬
tensive vascular disease, indistinguishable from that induced by deoxy¬
corticosterone acetate, occurred in rats after the administration of an

androgenic steroid, 17a-methyl-5-androstene-3(3, 17|3-diol (methylandro-
stenediol). Salgado and Selye 8 further showed that methylandrostene-
diol-induced hypertension did not occur in adrenalectomized rats.
Recent in vitro investigations have demonstrated that the adrenals of
rats made hypertensive by methylandrostenediol treatment synthesize
greatly increased amounts of deoxycorticosterone,9,10 and that high
levels of this corticosteroid were present in blood from the adrenal vein
of such animals.11 These findings have suggested that the hypertensive
effect of methylandrostenediol is mediated through the hypersecretion
of deoxycorticosterone, a mechanism which would explain the similari¬
ties between deoxycorticosterone acetate- and methylandrostenediol-
induced hypertension.

Administration of methylandrostenediol for a short period of time
(4 weeks) moderately increased systolic blood pressure but values
returned to normal within 4 weeks after the androgen was withdrawn.12
The normal structure of the adrenal glands of animals treated with
methylandrostenediol for 4 weeks was also seen once treatment with
the androgen was suspended.13

The present study was performed to ascertain whether the hyper¬
tensive effect of methylandrostenediol was still reversible when
treatment with the androgen was prolonged beyond 4 weeks and if the
hypertension persisted once it was discontinued.
Materials and Methods

Forty-two-day old, female Sprague Dawley rats weighing approximately 120
g were supplied by Charles River Laboratories, Inc, Wilmington, Mass. All rats
were uninephrectomized, fed a diet containing 0.5% NaCl, given free access to
a 1% NaCl drinking solution and maintained in a room kept at 22.5 C with 12-
hour light and dark cycles.

The rats were randomly divided into two groups. One group of 40 rats was
injected subcutaneously each day for 10 weeks with 0.2 ml of corn oil containing
10 mg of methylandrostenediol. About 30% of the rats in this group were
killed at the end of the treatment. A further 30% were killed 6 weeks after and
40% 12 weeks after treatment with the androgen was withdrawn. The second
group consisted of 20 control rats which were injected subcutaneously with 0.2
ml of corn oil each day for 10 weeks. Some rats were killed at this time and
others 6 and 12 weeks later.

Systolic blood pressure was measured weekly in the tail of rats, under light
ether anesthesia, with a Physiograph Four (E & M Instruments, Houston, Texas)
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according to a procedure already reported in detail.14 Total sodium consumption
was determined from the combined intake of food and drinking solution. Blood
was collected, centrifuged immediately and the plasma obtained. Plasma concentra¬
tions of sodium and potassium were determined using a Beckman B Flame Photom¬
eter, as described by Rapp.15

All organs that were to be studied histologically were placed in 10% buffered
formalin, trimmed after fixation of adherent tissue and weighed. Representative
blocks were embedded in paraffin, cut at 5 p and stained by the periodic acid-
Schiff procedure. The kidneys were trimmed of fat, weighed fresh and bisected.
One-half was used to determine the juxtaglomerular index and the other half to
measure renin content, according to methods described previously.14

Adrenals from 4 methylandrostenediol-treated and 3 control animals were re¬
moved for electron microscopic observation at the 10-, 16- and 22-week time
periods. The adrenals were trimmed of adherent fat, and slices 1-mm thick were
cut and fixed in 3% glutaraldehyde buffered to pH 7.3 with 0.1 M phosphate.
After an overnight wash in 0.1 M phosphate buffer (pH 7.3), slices of the adreno¬
cortical zones were isolated as described previously,16 postfixed in 1% osmium tetrox-
ide, dehydrated in ethanol and embedded in Epon 812 and Araldite. One-micron
thick sections were cut from the tissue blocks to verify the identification of each
of the three cortical zones. Thick sections were cut on a Porter-Blum Mt-1
ultramicrotome with glass knives. Sections were double stained in methanolic
uranyl acetate followed by lead citrate before examination with a Siemens 101
electron microscope.

In the remaining animals, one of the adrenal glands from each rat was fixed in
formalin for histologic studies and the other, after being weighed fresh, was
pooled and used for the study of in vitro steroid biosynthesis, as described by
Brownie and Skelton.8

All numerical data were analyzed according to Student's t test for small sample
size; throughout the remainder of this report the differences between means
having a P value <0.05 are considered significant and P values of <0.01 are
considered highly significant.

Results

Body Weight

Injections of methylandrostenediol were very well tolerated. One
control and 3 methylandrostenediol-treated rats died during the first
4 weeks of the experiment from bronchopneumonia; 7 other methyl¬
androstenediol-treated rats, which were severely hypertensive during
the previous weeks, died after the eighth week. Data collected on all of
these rats were discarded. The mean body weight of all rats increased
regularly until the sixteenth week of the experiment and then remained
constant (Text-figure 1, top). The mean weight for methylandrostene¬
diol-treated rats was higher than that of controls and remained high
even after androgen administration was discontinued.

Systolic Blood Pressure

In contrast to the stable blood pressure values of controls, methyl¬
androstenediol-treated rats showed a progressive increase in blood
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BODY WEIGHT
(9m)

SYSTOLIC BLOOD PRESSURE
(mm Hg)

Text-fic. 1—Body weights (top) and
systolic blood pressures (bottom) of con¬
trol and methylandrostenediol-treated rats.
The arrows indicate when the administra¬
tion of methylandrostenediol was sus¬
pended. The vertical bars represent one
standard error of the mean. Controls (dot¬
ted line); methylandrostenediol-treated rats
(solid line).

4 8 10 16 22 weak«

pressure such that, at the tenth week, mean blood pressure for the group
was approximately 160 mm Hg (Text-figure 1, bottom). After androgen
administration was withdrawn, blood pressure remained in a range of
150 to 160 mm Hg until the end of the experiment (12 additional
weeks).

Sodium Consumption

Sodium consumption in methylandrostenediol-treated animals was
significantly higher than that of controls from the fourth week on¬
ward and remained elevated even after treatment with the androgen
was withdrawn. (Text-figure 2, top).

Plasma, Sodium and Potassium

Plasma levels of sodium were significantly increased above those of
untreated controls after 10 weeks of androgen treatment and remained
elevated in the same animals killed 6 and 12 weeks later (Text-figure 2,
bottom). No significant changes were seen in plasma levels of potas¬
sium.

Renal Renin and Juxtaglomerular Indices

It is shown in Table 1 that the renal concentration of renin as well as
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Text-fig 2—Sodium
intake (top) and plasma
levels of sodium and po¬
tassium (bottom) of con¬
trol and methylandrostene-
diol-treated rats. The
arrows indicate the time
at which administration of
methylandrostenediol was
suspended. The vertical
bars represent one stand¬
ard error of the mean.

Controls (dotted col¬
umns ); methylandrostene-
diol-treated rats (hatched
columns).

PLASMA SODIUM

(mill/ liter )
PLASMA POTASSIUM

(mtn/ liter)

the granulation indices of juxtaglomerular cells were greatly depressed
in methylandrostenediol-treated rats killed after 10 weeks of androgen
treatment. Animals of the same group killed 6 or 12 weeks later, when
treatment with methylandrostenediol was suspended, also had a low
renal renin content and low granularity.

Organ Weights

The mean renal weight of untreated control rats was similar at each
interval (Table 2). Administered for 10 weeks, methylandrostenediol
produced a definite increase in renal weight which persisted in rats of
the same group killed 6 or 12 weeks after treatment with the antigen
was stopped. An identical trend was evident in the weight of the
heart. Thymic and ovarian weights, although depressed after 10 weeks
of androgen treatment, recovered somewhat in animals killed 6 or 12
weeks after methylandrostenediol was withdrawn. Administration of
the androgen for 10 weeks also produced a significant reduction in the
weight of the adrenal glands and the pituitary. Suspension of treat¬
ment, however, allowed a partial recovery of the weight of these organs
by 12 weeks. No significant changes were recorded in the weights of
the spleen, liver and thyroid.
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Table 1—Renal Content of Renin and Granulation Indices of Juxtaglomerular Cells of
Control and Methylandrostenediol-Treated Rats

Renal renin (ng
Weeks on Weeks off angiotensin ll/mg Granulation

Groups MAD MAD renal cortical tissue) indices

10-week
Control — — 24.0 ± 8.0 15 ± 3
MAD 10 0 1.5 ± 0.5* 6± If

16-week

Control — — 26.0 ± 8.0 18 ± 3
MAD 10 6 2.0 ± 0.3* 4± If

22-week
Control — — 34.0 ± 9.0 16 ± 3
MAD 10 12 6.0 ± 2.0* 4± It
* P < 0.001
t P < 0.05
Values given as mean ±SE; MAD = methylandrostenediol

Morphologic Observations

Kidneys
The kidneys of methylandrostenediol-treated rats were enlarged,

pale and soft, with numerous hemorrhagic spots scattered over the
capsular surface. Microscopic examination revealed that lesions pro¬
duced by the steroid consisted of hyaline degeneration of the small
arterioles, glomerular enlargement and hyalinization, tubular dilation
with cloudy swelling of the epithelial cells and hyaline casts in the
tubular lumen. Cessation of treatment with the androgen did not lead
to a more normal appearance of the lesioned organs, even in animals
killed 12 weeks after treatment with methylandrostenediol was dis¬
continued.

Hearts

Methylandrostenediol treatment produced cardiac hypertrophy with
scars visible on the epicardial surface. Microscopic lesions consisted of
focal areas of myocardial necrosis and hyaline degeneration on the
intima and media of small arteries often accompanied by adventitial
infiltration of chronic inflammatory cells and fibroblasts. Such gross
and microscopic lesions were seen in all animals whether they were
killed after 10 weeks of methylandrostenediol treatment or 6 or 12
weeks after the androgen was stopped.
Adrenals

The adrenal glands of methylandrostenediol-treated rats after 10
weeks of treatment were reduced in size, and the color changed from



Table2—OrganWeightsofControlandMethylandrostenediol-TreatedRats
Organsweights(mean±SE)

No.of

Weekson

Weeksoff

Kidneys

Heart

Thymus

Pituitary

Adrenals

Ovaries

Groups

animals

MAD

MAD

(mg)

(mg)

(mg)

(mg)

(mg)

(mg)

10-week Control

6

—

—

1753±100

1012±57

394±45

16.1±1.0

74±2

75±9

MAD

10

10

—

2817±141*
1252±43*
147±17f
10.7±0.5*
50±2*

25±2|

16-week Control

6

—

—

1609±80

930±60

289±17

15.8±1.3

66±6

61±8

MAD

11

10

6

2646±120*
1454±70*

192±30*
12.8±0.6

58±3

55±8

22-week Control

7

—

—■

1623±53

1015±46

277±57

18.1±1.0

68±5

82±4

MAD

9

10

12

2532±100t
1280±50*
229±18

14.9±0.8

59±4

77±6

*P<0.05 tP<0.001 MAD=methylandrostenediol
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yellow-pink to red. Microscopically, the thickness of the cortex was
decreased; this reduction was particularly evident in the zona glom-
erulosa and reticularis. The cells of the zona fasciculata contained
vacuoles and PAS-positive droplets scattered throughout the cyto¬
plasm. A moderate recovery in size and a definite change in color from
reddish to yellow-pink was seen in the glands of animals killed 12
weeks after treatment with methylandrostenediol was stopped. Micro¬
scopic examination of glands of these animals revealed that the struc¬
ture and thickness of all three zones returned to normal.

Fine Structure of the Adrenal Gland

Severe morphologic alterations were localized to the zona fasciculata
and to reticularis cells after 10 weeks of treatment with methylandro¬
stenediol. The mitochondrial cristae were reduced in number (Figure
1), as compared to those of controls. Many of the cristae were localized
peripherally and appeared as projections of the inner mitochondrial
membrane. This was seldom seen in mitochondria of control animals.
The smooth endoplasmic reticulum was hypertrophic (Figure 1) and
often arranged in whorl-like configurations. Bundles of microfilaments
traversed the cytoplasm, seemingly at random.

Six weeks after methylandrostenediol treatment ceased, alterations
in the fine structure of adrenocortical cells were no longer present.
Mitochondria possessed an increased complement of cristae (Figure
2) and could not be distinguished from those in controls. The cristae
were tubulovesicular and virtually filled the entire matrix. Smooth
endoplasmic reticulum was no longer hypertrophic at this time and
was localized to several cisternae of flattened tubules interspersed and
often adherent to the cytoplasmic organelles (Figure 2). Microfila¬
ments were not observed in the cytoplasm, although an occasional
microtubule was seen. The picture at 12 weeks of recovery was vir¬
tually identical to that at the 6-week period.

Corticosteroidogenesis in Adrenal Homogenates

That normal adrenal steroidogenesis was impaired was evident in
methylandrostenediol-treated rats killed after 10 weeks of androgen
administration. Deoxycorticosterone was formed in elevated amounts
in homogenates of adrenal glands from these animals incubated with
progesterone in vitro (Table 3). Withdrawal of methylandrostenediol,
however, caused normal steroidogenesis to return so that the conver¬
sion of progesterone to corticosterone was high and deoxycorticosterone
levels in incubations were low.
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Table 3—Adrenal Steroidogenesis in Control and Methylandrostenediol-treated Rats

Percent conversion of

progesterone-4-14C to
Weeks on Weeks off

Groups MAD MAD DOC B 18-OH-DOC

10-week

Control — — 11 46 36
MAD 10 — 81 12 4

16-week

Control — — 10 57 22
MAD 10 6 14 55 24

22-week
Control — — 15 62 22
MAD 10 12 16 59 18

DOC = 11-deoxycorticosterone; B = corticosterone; 18-OH-DOC = 18-hydroxy-ll-de-
oxycorticosterone

Discussion

The hypertensive effect of methylandrostenediol is fully reversible
after injections of this androgen are discontinued, provided that the
treatment is of 4 weeks duration.12 However, the present studies in¬
dicate that when treatment is more prolonged (10 weeks), the hyper¬
tension persists despite the fact that the androgen is discontinued.
Some of the factors which initiate methylandrostenediol-induced hy¬
pertension and associated lesions have been fairly well characterized.
Previous studies in methylandrostenediol-treated hypertensive rats
have shown that steroidogenesis in the adrenal cortex of these animals
is impaired and that homogenates of these adrenal glands are unable to
convert progesterone to corticosterone, thereby resulting in the ac¬
cumulation of deoxycorticosterone in the incubation medium.17 Above
normal levels of deoxycorticosterone have been found in adrenal ve¬
nous blood of methylandrostenediol-treated hypertensive animals.11
An increased consumption of sodium was also observed in methyl¬
androstenediol-treated animals, both in the present study and in pre¬
vious investigations from our laboratory.10 In the attempt to define the
pathogenesis of androgen-induced hypertension, it is interesting to
note that the increased sodium retention and the cardiovascular and
renal lesions are similar to those produced by injections of deoxy-
corticosterone.2,5-18 For all of these reasons, it was suggested that
deoxycorticosterone overproduction and the consequent increase in
sodium consumption are the factors responsible for the onset of
androgen-induced hypertensive cardiovascular disease;10 indeed, ele¬
vated peripheral plasma levels of deoxycorticosterone have been found
in testosterone-induced hypertension.10
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Short-term administration of methylandrostenediol, followed by sus¬
pension of treatment, leads to full recovery of normal adrenal structure
and function.13 In addition, sodium consumption, plasma levels of
sodium and potassium, systolic blood pressure and renal renin content
return to within normal limits.12 Renal and cardiac weights of these
animals also returned to normal after the androgen was withdrawn.
These results are in agreement with the observation that deoxycorti-
costerone-induced hypertension is reversible when the steroid is given
for a short period of time.2,3 However, when methylandrostenediol
treatment as well as deoxycorticosterone treatment are more prolonged,
the cardiovascular disease and hypertension are irreversible and per¬
sist even after the steroid treatment is withdrawn. Selye and Horava 20
coined the term metacorticoid hypertension for the sustained forms of
hypertension which occur after the hypertensive agent is discontinued,
and such a term can apparently be extended to the hypertensive dis¬
ease which persists after treatment with methylandrostenediol is dis¬
continued.

The factors which sustain the elevated blood pressure in methyl-
androstenediol-induced metacorticoid hypertension are not fully clear.
It seems unlikely that the disease is sustained by continuous secretion
of deoxycorticosterone from the adrenal glands. Although steroid bio¬
synthesis was markedly impaired at 10 weeks of methylandrostenediol-
treatment, the conversion of progesterone to corticosterone was sim¬
ilar to that of controls at 6 and 12 weeks after the injections of androgen
ceased. Normal corticosteroid biosynthesis is reflected by the recovery
of adrenal weight, histology and ultrastructure. The recovery of the
ultrastructure of the adrenal zona fasciculata is supported by the ob¬
servation that mitochondrial cristae of rats previously treated with
androgen were similar to those of the controls 6 and 12 weeks after the
treatment ceased. Mitochondrial cristae contain the llfl-hydroxylating
enzyme,21 which is involved in the conversion of deoxycorticosterone
to corticosterone in the rat adrenal.22 Previous studies from our labor¬

atory have shown that it is this step in steroid biosynthesis that is ab¬
normal and that this adrenal cortical dysfunction is involved in the
production of several forms of hypertensive vascular disease in the
rat.9,10'14,17 Mitochondrial cristae are reduced in numbers in these
forms of hypertensive disease,23,24 16 as they were in the present study
after 10 weeks of androgen treatment. However, the recovery seen 6
or 12 weeks after suspension of methylandrostenediol treatment sug¬
gests that the llp-hydroxylase activity is restored; the results of in vitro
incubation of adrenal glands support this view.
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It does not seem likely that metacorticoid hypertension is sustained
by the secretion of renin from the renal juxtaglomerular apparatus. The
renin content in methylandrostenediol-treated rats was greatly de¬
creased and did not return to normal values, even 12 weeks after
methylandrostenediol was withdrawn. It is known that renal renin
content decreases in rats consuming high amounts of sodium;25 this
has been observed in deoxycorticosterone-induced hypertension,26'27
as well as in other experimental forms of the same disease.14

The role of sodium in the induction of sustaining metacorticoid
hypertension is also controversial. The androgen-treated rats continued
to consume more sodium than did the controls, even after the injections
of methylandrostenediol were discontinued. Was this sodium adequate
to maintain high blood pressure and to continue damaging the renal
and cardiovascular apparatus of the rats? It is well known that severe
hypertension and cardiovascular and renal damage may be induced
in the rat by adding high amounts of sodium chloride to the diet.28-80
However, larger amounts of salt and a more protracted treatment than
that given in our experiment were required. On the other hand, deoxy¬
corticosterone or methylandrostenediol treatment in the rat may raise
blood pressure and induce mild vascular lesions even in animals main¬
tained on a sodium restricted diet.3132 Furthermore, sodium restric¬
tion does not reduce the already established postdeoxycorticosterone
hypertension.5 These findings, taken together, suggest that sodium may
be an important, although not essential cofactor in the development of
the disease.

The renal and cardiovascular damage were irreversible even though
the rats were allowed to recover for 12 weeks after methylandro¬
stenediol was withdrawn. It seems likely, therefore, that the extensive
damage to these systems sustains the elevated blood pressure, a phe¬
nomenon reminiscent of what is sometimes seen in humans when

hypertension follows extensive renal damage.
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[Illustrations follow]



Fig 1—Portions of two zona fasciculata cells after 10 weeks of methylandrostenediol injec¬
tions. Some mitochondria (M) show reduced numbers of cristae. The cytoplasm contains
numerous microfilaments (MF) which traverse the cytoplasm, seemingly at random. Smooth
endoplasmic reticulum (SER) is hyperplastic in these cells. A portion of a large lipid vacuole
(L) is seen in the cytoplasm of one of the cells. Numerous lysosomes (LY) are observed in
another cell (x 23,200). Fig 2—Portions of two zona fasciculata cells from an animal
treated with methylandrostenediol for 10 weeks and allowed to recover for 6 weeks. Mito¬
chondria contain numerous tubulo-vesicular cristae which virtually fill the entire mitochon¬
drial matrix. Tubules of smooth endoplasmic reticulum are scattered throughout the cyto¬
plasm and are sometimes closely associated with mitochondria (arrow). Other structures
include the nucleus (N) and lysosomes (LY) (x 23,200).
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In a recent study (1) it was shown that administration of methylandrostenediol

(MAD) to rats led to a great reduction in the ability of adrenal homogenates to convert

added progesterone to corticosterone and 18-hydroxy-ll-deoxycorticosterone (18-OH-

DOC). Treatment for as little as 5 days produced this inhibition of 11/3- and 18-

hydroxylation, the severity of which increased with further treatment. 21-Hydroxy-

lation of progesterone to 11-deoxycorticosterone (DOC) was not greatly affected by

this treatment such that this intermediate accumulated in the incubation medium.

Chronic treatment was also shown to result in marked abnormalities in mitochondrial

structure in the zona fasciculata of the adrenal cortex which was of interest since

this has been shown to be the location of the 11/3- and 18-hydroxylases (2-4).

We have studied the effect of MAD treatment on the levels of cytochromes in

rat adrenal mitochondria and have correlated these with the respiratory activity of

the mitochondria and the corticosteroidogenic/activity of the whole adrenal tissue.

Our results show that the MAD treatment results in a fall in mitochondrial cytochrome

P-450 levels which might explain the reduced steroid hydroxylating activity of the

mitochondria.

Methods

Female Sprague-Dawley rats (42 days old) were obtained from Holtzman Co.

They were uninephrectomized and half were treated with MAD for 2 weeks at a dosage

765
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of 10 mg per day, given subcutaneously in corn oil, the rest served as controls

and received vehicle only. At 2 weeks rats were killed by decapitation and the

adrenals rapidly removed. Adrenal mitochondria were isolated by differential

centrifugation (5) following homogenization in 0.25 M sucrose. Steroid hydroxylation

activity was measured on the whole homogenate using methods previously published

(6). Rat adrenal mitochondrial respiratory carriers and cytochrome P-450 were

determined using a recording spectrophotometer (Cary Model 14). Oxygen utilization,

ADP:0 ratios and respiratory control of the adrenal mitochondrial preparations were

measured polarographically (7).

Results

Hydroxylation of progesterone by adrenal homogenates was impaired when

compared to that obtained in the control incubations (Table 1). 21-Hydroxylation

of progesterone to DOC occurred readily, particularly in the presence of added

succinate and NADP but 18- and 11(3-hydroxylation of the DOC formed was insignificant.

TABLE I

Corticosteroidogenesis from Progesterone-4-14C in Adrenal Homogenates
from Control and MAD-treated Rats

Group Cofactors Percentage Formation from added Progesterone

Progesterone DOC Corticosterone 18-OH-DOC

Control Succinate 32.2

Succinate+NADP 4.8

MAD Succinate 65.1

Succinate +NADP 8.4

8.4 42.9 3.7

3.9 66. 7 5.9

30.2 3.7 0.4

82.1 3.7 0.4

Adrenal homogenate from 35 mg. tissue used in each incubation flask. Homogenates
prepared in 0.25 M sucrose and incubated in Kreb's-Ringer-phosphate buffer, pH 7.4.
Total progesterone concentration was 5xlO~^M, final concentration of sodium
succinate was 4.9 x 10 M and for NADP 1.6x10 -4M. Incubations in air at 37°
for 10 minutes. Total volume 5.1 ml.
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Control rat adrenal mitochondria in our hands show a low ADPiO ratio and

also little evidence of respiratory control. In contrast adrenal mitochondria isolated

from MAD-treated rats had an ADP:0 ratio of 2. 0 and demonstrated efficient res¬

piratory control. In this way they behave like normal liver mitochondria. This

difference was seen in the presence or absence of added Mg++.

Difference spectra of the mitochondrial preparations are shown in Figure I.

Anaerobic-aerobic spectra were obtained for control and MAD mitochondria, anaerobic

conditions being produced by addition of succinate to one of the cuvettes. It is

apparent that the levels of cytochromes a + a3 are greatly increased in the MAD

mitochondria, this being noticeable at 605 m/j and especially so in the Soret at 445 mj/.

This represents an approximate 200% increase in the concentration (per mg. protein)

of these cytochromes in a mitochondrial preparation where the levels of cytochromes

b, c and ci are in the same range as in the control mitochondria. Reduction with

sodium dithionite confirmed this difference in amounts of cytochromes a + 03.

Dithionite was added to both cuvettes and carbon monoxide bubbled through one of

them. In this way the reduced cytochrome P-450-CO complex could be measured.

The concentration of the P-450-CO complex was estimated from the absorbance

difference between 450 and 480 mp. As had been shown previously (8) the control

rat adrenal mitochondria preparation contained a high concentration of cytochrome

P-450. The P-450 concentration of the MAD mitochondria on the other hand was

reduced to about 50% of the control.

In further studies we have found that the adrenal microsomal P-450 (9) con¬

centration is not altered by treatment with MAD for up to 4 weeks. Liver microsomes

also contain cytochrome P-450 (10,11) and measurement of this cytochrome in liver

microsomes prepared from MAD-treated rats showed that the levels present were

similar to those from control rat liver microsomes. Thus the change in cytochrome

P-450 appears to be restricted to that located in the adrenal mitochondria and

indicates some specificity in the action of the androgen. In other studies we have
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FIG. I
Mitochondrial anaerobic-aerobic difference spectra of control (C) (1.18 mg. protein/
ml.) and MAD (1.45 mg. protein/ml.) adrenal mitochondria. Mitochondria suspended
in 0.1 M phosphate buffer. Succinate, ImM, was added to the sample cuvette and
successive scans made.

found that the increase in adrenal mitochondrial cytochromes a+ ag was present
after only 1 week of MAD treatment. Higher ADPiO ratios were also seen in these

mitochondria. The level of cytochrome P-450 was reduced by about 25% at that time
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and the level reached a minimum at 4 weeks of treatment when it was about 25% of

that of control mitochondria.

It has been shown (12) that MAD is converted to 17a-methyltestosterone (MT)

by the rat adrenal gland in vitro and that MT is a potent inhibitor of 18- and 11)3-

hydroxylation in rat adrenal homogenates (13). MT administration to rats for 4

weeks at a dosage of 10 mg. per day also led to changes in adrenal cytochromes

and corticosteroidogenesis. Adrenal mitochondrial cytochromes a + ag were markedly

elevated, ADP:0 ratios increased correspondingly and mitochondrial cytochrome

P-450 reduced to about 30% of control levels. At the same time 18- and ll)3-hydroxy-

lation reactions were greatly reduced. It may well be that MT is the agent responsible

for these changes brought about following MAD treatment and similar arguments

apply to the pathogenesis of MAD hypertension in the rat (14). However, it has been

found that MAD produces a more severe hypertensive cardiovascular disease in the

rat than does MT (15). It has recently been shown that another androgenic compound

which is naturally occurring, androstenedione, following chronic administration to

rats produces an increase in cytochromes a-fag and a decrease in cytochrome P-450

(16).

Discussion

The reduction in adrenal mitochondrial cytochrome P-450 which we have found

with MAD treatment does appear to correlate with the ultrastructural changes noted

in the adrenal cortex (1). MAD treatment for 12 days or longer leads to many changes

in adrenal mitochondrial appearance including a reduction in the number of vesicular

cristae in the zona fasciculata. This might suggest that the P-450 in the mitochondria

is associated with these structures. The fall in P-450 also correlated with greatly

reduced activities of two mitochondrial steroid hydroxylases - 18 - and 11/3-hydroxy-

lases. These changes which lead to the accumulation of DOC in incubation media

have led to the suggestion (1) that MAD hypertension may be due to oversecretion of

DOC in the MAD-treated rats.

The increase in levels of cytochromes a + a3 is most striking and occurs more
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rapidly than the fall in P-450. The connection between these two observations will

be the subject of further study. The reduction in pituitary weight accompanying

MAD treatment might suggest that these effects are mediated via a reduction in ACTII

secretion. However, we have been unable so far to reverse the MAD effects with

small amounts of ACTH. There is a report (17) that rat adrenal mitochondrial P-450

is not increased 24 hours following a single dose of ACTH although there was a

small increase 24 hours following X-irradiation, We have found that ACTH

administration to hypophysectomized rats for 6 days in addition to increasing

corticosteroidogenesis, leads to an elevation in adrenal mitochondrial P-450. In

view of these observations on the effect of androgens on adrenal cytochromes it is

of interest that a number of steroid metabolites of testosterone strongly stimulate

porphyrin biosynthesis in chick embryo liver cells growing in primary culture (18).

Compounds of the MAD and MT type had weak inducing action, however, metabolites

of these anabolic steroids might be strong inducers.

Acknowledgements

Supported by USPHS grants HE 0G975 and GM 06241 and by PHS training grant T 01
GM 1500 and by P. II. S. Research Career Program award GM K3 15514 to W. B. E.

References

1. A. C. BROWNIE and F. R. SKELTON, in Functions of the Adrenal Cortex,
K. W. McKerns, Ed. (Appleton-Century-Crofts, New York, 1968) Vol. 2pp. 683.

2. M. L. SWEAT, J. Amer. Chem. Soc. 7J3, 4056 (1951).

3. A. C. BROWNIE, and J. K. GRANT, Biochem. J. 57, 255 (1954).

4. Y. NAKAMURA and B. I. TAMAOKI, Biochem. Biophys. Acta. 85, 350 (1964).

5. G. H. HOGEBOOM and W. C. SCHNEIDER, J. Biol. Chem. 186, 417 (1950).

6. A. C. BROWNIE and F. R. SKELTON, Steroids, 6, 47 (1965).

7. E. H. STRICKLAND, F. D. ZIEGLER and A. ANTHONY, Nature, London
191, 969 (1961).

8. B. w. HARDING, L. D. WILSON, S. H. WONG and D. H. NELSON, Steroids
Suppi. II, 51 (1965).



Vol. 7, No. 13 EFFECT OF MAD 771

9. R. W. ESTABROOK, D. Y. COOPER and O. ROSENTHAL, Biochem. Z.
338, 741 (1963).

10. M. KLINGENBERG, Arch. Biochem. Biophys. 75, 376 (1958).

11. T. OMURA and R. SATO, J. Biol. Chem. 239, 2370 (1964).

12. R. REMBIESA, M. HOLZBAUER, P. C. M. YOUNG, M. K. BIRMINGHAM
and M. SAFFRAN, Endocrinology, 81, 1278 (1967).

13. A. C. BROWNIE and F. R. SKELTON, J. Endocrinol. In preparation.

14. F. R. SKELTON, Endocrinology, 53, 492 (1953).

15. A. MOLTENI, A. C. BROWNIE and F. R. SKELTON, Lab. Invest. In
preparation.

16. H. D. COLBY and A. C. BROWNIE, Steroids. In preparation.

17. N. YAGO, S. OMATA, S. KOBAYASHI and S. ICHII, J, Biochem. 62, 339 (1967).

18. S. GRANICK and A. KAPPAS, J. Biol. Chem. 242, 4587 (1967).



Reprinted from ENDOCRINOLOGY
Vol. 86, No. 5, May, 1970

pp. 1085-1092

U S. A

Some Studies on the Effect of Androgens on Adrenal
Cortical Function of Rats

ALEXANDER C. BROWNIE, HOWARD D. COLBY, SAMUEL GALLANT,
AND FLOYD R. SKELTON1
Departments of Biochemistry and Pathology, State University of New York at Buffalo, Buffalo,
New York 14214

ABSTRACT. The effect of ACTH upon the in¬
hibition of corticosteroidogenesis produced by-
treating rats with several synthetic adrogens has
been evaluated. In experiments lasting about 2
weeks in which the simultaneous treatment with
ACTH prevented the fall in adrenal weight due
to the androgen therapy, corticosteroidogenesis
measured in adrenal homogenates was still
greatly reduced. Associated with the reduced
production of corticosterone from progesterone
there was a marked fall in the level of adrenal
mitochondrial cytochrome P-450. The fall in
cytochrome P-450 was not prevented by simul¬

taneous treatment with ACTH. Treatment of
rats with all 3 androgens, 17«-methylandro-
stenediol, 17a-methyltestosterone and 11/3-hy-
droxy-17a-methyltestosterone, brought about
the decrease in cytochrome P-450 levels, whereas
when metyrapone, a nonsteroidal competitive
inhibitor of steroid 11/3-hydroxylase, was given
to rats for 6 weeks no change occurred in the level
of adrenal mitochondrial cytochrome P-450.
These data suggest that this property of the
androgens is not necessarily related to their po¬
tential as inhibitors of steroid hydroxylases.
(.Endocrinology 86: 1085, 1970)

RECENT studies have indicated thatthe treatment of rats with the syn¬
thetic androgens 17a-methylandros tene-
diol2 (MAD) or 17a-methyltestosterone
(MT) results in inhibition of corticosterone
formation measured in vitro in adrenal ho-
mogenate preparations (1-3). These studies
showed that after several days of treat¬
ment with the androgens the conversion of
added progesterone to corticosterone was
inhibited and the location of the inhibition
was at the 11 /3-hydroxylation step such
that 11-deoxycorticosterone (DOC) ac¬
cumulated in the incubation medium. Also
of interest were the observations that di¬
rect addition of MT to rat adrenal tissue
suppressed the conversion of progesterone
and DOC to more polar corticosteroids (2,
4), whereas direct addition of MAD to rat

Received August 4, 1969.
1 Deceased 10/22/69.
2 The systematic nomenclature of compounds

for which trivial names are used in this paper are:
18-hydroxy-ll-deoxycorticosterone (18-OH-DOC),
18,21-dihydroxypregn-4-ene-3,20-dione; 18-hydrox-
ycorticosterone, llj3,18,21-trihydroxypregn-4-ene-
3,20-dione; 11/3-hydroxymethyltestosterone (11/3-
OH-MT), 17a-methylandrost-4-ene-l 1/3,17/3-diol-
3-one; 17a-methyltestosterone (MT), 17a-methyl-
androst-4-en-17 (3-ol-3-one; 17a-methylandrostene-
diol (MAD), 17a-methylandrost-5-ene-3/3,17(3-dioI.

adrenal homogenates did not inhibit the
conversion of progesterone to corticoste¬
rone (2). In addition, it has been shown that
rat adrenal tissue oxidizes MAD to MT
(5). These latter observations are consis¬
tent with the concept that treatment of rats
with MAD leads to inhibition of cortico¬
sterone formation by a mechanism involv¬
ing conversion of the MAD to MT and the
competitive inhibition of 11/3-hydroxyla-
tion of DOC by the MT.

It has also been shown that large doses
of androgen will inhibit ACTH secretion in
the female rat (6) and that androgen in¬
hibits adrenal protein synthesis in vitro (7).
Of more direct importance may be the find¬
ing (8) that rats treated with MAD or MT
have low levels of adrenal mitochondrial
cytochrome P-450, the terminal mixed func¬
tion oxidase involved in steroid llfi-hy-
droxylation (9, 10). The present studies
were designed to investigate the role that
suppression of ACTH secretion by the an¬
drogen might play in this effect and also to
examine the possibility that the competi¬
tive inhibition of adrenal llj3-hydroxylase
by the androgen can affect the levels of
cytochrome P-450 in the adrenal mitochon¬
dria.
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Materials and Methods

Female Sprague-Dawley rats were obtained
at the age of 5 weeks from the Holtzman Co.
or the Charles River Co. Rats were caged in¬
dividually in an artificially lit (0700-1900 hr)
and windowless room maintained at constant
temperature (23 C). Experiments were started
1 week after arrival of the rats in the labora¬
tory.

MAD and MT were obtained from Stera-
loids, Inc., and 11/3-hydroxymethyltestosterone
from The Upjohn Co. They were checked for
purity by thin-layer chromatography and
melting point determination. The androgens
were administered to rats by intraperitoneal
injection in the form of microcrystalline sus¬
pensions in distilled water. The daily dose was
5 mg, the duration of treatment being as indi¬
cated in the Results section. ACTH was the
corticotrophin-Zn preparation of Organon,
Inc., and it was given to rats by intramuscular
injection at a daily dose of 4 U for the periods
of time indicated in the Results section. Mety-
rapone [2-methyl-l,2-bis-(3-pyridyl)-l-propan-
one, Metopirone] was dissolved in very dilute
hydrochloric acid and given by intraperitoneal
injection. Rats were treated with metyrapone
twice daily at 9 am and 4 pm, 10 mg being given
at each injection.

Rats were killed by decapitation, adrenals
removed, carefully freed of adhering fat and
weighed. Homogenates of the adrenals were
prepared in 0.25m sucrose (35 mg tissue/ml)
using a tissue grinder (Thomas) consisting of a
Teflon pestle and grinding vessel of borosilicate
glass. Homogenate incubations were carried
out using 1 ml of the homogenate and 4 ml of
Krebs-Ringer-phosphate buffer pH 7.4, con¬
taining 0.12 juCi of progesterone-4-l4C (spe¬
cific activity, 4 mCi/mmole). The total amount
of progesterone in each incubation flask was
about 10 ng. Each flask contained in addition
18.5 jumoles of sodium succinate and 14 /umolea
of glucose-6-phosphate. Incubations were car¬
ried out in air at 37 C for 10 min.

At the end of the incubation period, steroids
were extracted from the incubation medium
with methylene chloride and steroid analyses
carried out essentially as previously described
(11). Briefly, this consisted of an initial paper
chromatographic separation of progesterone
from DOC and the separation of DOC from
more polar steroids such as corticosterone (B),
18-hydroxy-ll-deoxycorticosterone (18-OH-
DOC), 18-hydroxycorticosterone and aldo¬
sterone. A second paper chromatographic step
was used to separate these latter 4 polar corti¬
costeroids. Radioactive products on paper

chromatograms were identified by their similar
chromatographic behavior to added internal
standards and in addition DOC and B have
been characterized by reverse isotope dilution
analyses. The percentage conversion of the
added progesterone to these various cortico¬
steroids was calculated by eluting all radio¬
active peaks on the chromatograms and mea¬
suring the total radioactivity recovered. The
radioactivity recovered from the individual
peaks corresponding to progesterone, DOC, B
and 18-OH-DOC was used to calculate the
percentage conversion values seen in Tables 1,
3 and 5. Minor radioactive peaks correspond¬
ing to 11-dehydrocorticosterone and 11/3-
hydroxyprogesterone were occasionally seen in
incubation extracts.

Adrenal mitochondria were isolated from the
adrenal homogenates by differential centri-
fugation (12). Rat adrenal mitochondrial respi¬
ratory carriers and cytochrome P-450 were
determined using a Cary 14 recording spectro¬
photometer equipped with a scattered trans¬
mission accessory and a high intensity source.
The methods used have been described in de¬
tail by Cammer and Estabrook (13). Protein
was determined in mitochondrial preparations
by the method of Lowry et al. (14).

Results

Short-term ACTH experiment. Female
Sprague-Dawley rats from the Holtzman
Co. were treated as described above with
MAD, ACTH, or MAD and ACTH for a
period of 12 days and killed on the thir¬
teenth day.

The lower adrenal weight of rats treated
with MAD (Table 1) was the same as had
been foundpreviously (3). Combined ACTH
and MAD treatment resulted in adrenal
weights which were not significantly differ¬
ent from those of control rats but signif¬
icantly lower than those of rats treated
with ACTH alone (p <0.001). ACTH
treatment alone produced the expected in¬
crease in adrenal weight over that of con¬
trols. The metabolites of progesterone-4-
14C produced by adrenal homogenates from
the different groups are shown in Table 1.
Treatment with MAD resulted in the pre¬
viously observed inhibition of corticoste¬
rone formation (1) and the accumulation of -

large amounts of DOC in the incubation
medium. It was clear that the adrenals
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Table 1. Effect of short-term treatment with ACTH on adrenal weight and
in vitro corticosteroidogenesis of control and MAD-treated rats

Adrenal % conversion of progesterone-4-14C to
Group n weight

mg DOC B 18-OH-DOC

Control 14 49.5 +1.3* 2.0 41.8 20.8
ACTH, 4 U im 12 67.8 + 1.5 2.4 51.0 11.7
MAD, 5 mg ip 16 35.3 +1.0 66.6 14.1 2.1
5 mg MAD +4 U ACTH 14 46.4+1.1 57.3 16.2 4.6

Flasks containing homogenate equivalent to 35 mg adrenal tissue were incubated in duplicate with
Krebs-Ringer-phosphate buffer containing 0.12 gCi of progesterone-4-14C (specific activity, 4 mCi/mmole),
18.5 gmoles of sodium succinate and 14 gmoles glucose-6-phosphate. Incubations were done in air at 37 C
for 10 min. Mean values are shown for the metabolites of the progesterone recovered. Treatment of rats
lasted 12 days. Animals were treated each day.

* Standard error of the mean.

from the rats treated with both MAD and
ACTH also showed this abnormal cortico¬
steroid biosynthetic activity.

Respiratory cytochrome levels in mito¬
chondria isolated from the adrenal homog¬
enate preparations were determined from
anaerobic-aerobic difference spectra ob¬
tained by making suspensions of the mito¬
chondrial preparations in 0.1m phosphate
buffer, pH 7.4, dividing them equally be¬
tween two cuvettes, adding succinate to
one cuvette and recording the difference
spectra in the Cary 14 spectrophotometer.
In adrenal mitochondria from control and
treated rats absorption bands with maxima
at 605 and 445 m^, 562 and 427 mjj, and
552 m/x were found and these are charac¬
teristic of cytochrome a+a3, b and c+ci,
respectively. The levels of these normal
respiratory chain cytochromes were calcu¬
lated using the molecular extinction co¬
efficients quoted by Cammer and Esta-

brook (13). The levels of cytochromes
a + a3 appeared to be elevated in the adre¬
nal mitochondria isolated from MAD-
treated animals (Table 2). Concurrent
ACTH treatment failed to prevent this
increase.

The levels of cytochrome P-450 in the
mitochondrial preparations were deter¬
mined by adding sodium dithionite to both
cuvettes and equilibrating one cuvette with
carbon monoxide for three minutes. Dif¬
ference spectra were then obtained and
showed a highly intense absorption band
at 450 m/i in control adrenal mitochondria
due to the presence of large amounts of the
reduced cytochrome P-450-carbon mon¬
oxide complex. It was clear that MAD
treatment resulted in a decrease in the con¬

centration of this pigment in adrenal mito¬
chondria and, despite the effect of ACTH
to maintain the adrenal weights of rats
treated for 12 days with MAD, it was un-

Table 2. Effect of short-term treatment with ACTH on the adrenal mitochondrial
cytochrome levels of control and MAD-treated rats

Cytochrome content (nmoles/mg protein)
Group

a+an b c+ci P-450

Control 0.11 0.26 0.33 2.44
ACTH 4 U im 0.09 0.21 0.29 2.33
MAD 5 mg ip 0.18 0.18 0.25 1.33
5 mg MAD+4 U ACTH 0.15 0.19 0.27 1.36

Spectrophotometry wavelengths used for the measurement of cytochrome levels were: a +a3, 605-
625 m/^; b, 562-575 mji; c+ci, 552-540 m/g P-450, 450-490 m^. Millimolar extinction coefficients used
were: a+a3, 16; b, 20; c+c,, 19; P-450, 91 (see ref. 13). Anaerobic-aerobic difference spectra were ob¬
tained by the addition of succinate to one cuvette. Treatment of rats lasted 12 days. Animals were
treated each day.
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Table 3. Effect of long-term treatment with ACTH on adrenal weight and
in vitro corticosteroidogenesis of control and MAD-treated rats

Adrenal % conversion of progesterone-4-HC to
Group n weight

mg DOC B 18-OH-DOC

Control 10 68.5 +2.8* 2.9 44.5 18.0
ACTH, 4 U im 9 97.3+2.6 6.3 47.2 15.9
MAD, 5 mg ip 18 49.0±1.6 41.9 13.5 7.8
5 mg MAD+4 U ACTH 13 56.2+2.7 49.5 16.3 6.3

Incubation conditions were identical with those described in Table 1. Treatment of rats lasted for
6 weeks. Animals were treated each day.

* Standard error of the mean.

able to reverse these changes in cytochrome
P-450 levels. Control adrenals and adrenals
from ACTH-treated rats had very similar
levels of mitochondrial cytochrome P-450.

Long-term ACTH Experiment. Groups of
female Sprague-Dawley rats from the
Charles River Co. were arranged as in the
previous experiment except that treatment
lasted for six weeks.

The mean adrenal weight ofMAD-treated
rats was lower than control (p <0.001) and
simultaneous treatment with ACTH failed
to correct this (controls vs. ACTH + MAD,
p<0.005). However, the group having com¬
bined therapy did have significantly larger
adrenals than those treated with MAD
alone (p<0.05). ACTH treatment gave the
expected adrenal hypertrophy. As in the
short-term experiment, studies were made
of progesterone-4-14C metabolism by adre¬
nal homogenates from the various groups
and it can be seen that similar results were

obtained (Table 3). ACTH therapy failed

to prevent the DOC accumulation occur¬

ring on incubation of adrenal homogenates
from rats also treated with MAD.

Mitochondria were prepared from the
adrenal homogenates and the levels of res¬

piratory chain cytochromes determined
from anaerobic-aerobic difference spectra.
In this case reduction of cytochromes was
achieved by the addition of succinate and
cyanide to one cuvette and in this way the
levels of cytochromes b and c + ci were not
influenced by cytochrome P-450 (see ref.
13). Cytochrome P-450 also was determined
in these mitochondrial preparations (Table
4). It can be seen that MAD treatment
again resulted in an apparent increase in
the levels of cytochrome a+a3 and a fall in
cytochrome P-450. In this experiment it
was apparent that no change occurred in
the levels of cytochromes b or c + Ci, an
observation which had been masked in the
previous experiment (Table 2) by the con¬
tribution of reduced cytochrome P-450 in
the 550-560 m/i region of the spectrum and

Table 4. Effect of long-term treatment with ACTH on the adrenal mitochondrial
cytochrome levels of control and MAD-treated rats

Cytochrome content (nmoles/mg protein)
Group

a+a3 b c+Ci P-450

Control 0.02 0.06 0.17 1.75
ACTH, 4 U im 0.02 0.06 0.18 1.74
MAD, 5 mg ip 0.05 0.06 0.18 1.05
5 mg MAD+4 U ACTH 0.06 0.05 0.16 0.98

The spectrophotometry wavelengths and molecular extinction coefficients used to calculate the amounts
of the cytochromes were the same as in Table 2. Anaerobic-aerobic difference spectra were obtained by
the addition of succinate and cyanide to one cuvette. The levels of cytochromes a+a3 are lower than in
Table 2 because in the presence of cyanide much of the a5 is not measured. The levels of cytochromes b
and c+ci are lower because there is no contribution of cytochrome P-450 in the presence of cyanide.
Treatment of rats lasted for 6 weeks. Animals were treated each day.
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Table 5. Effect of treatment with ACTH on adrenal weight and in vitro
corticosteroidogenesis in control, MT and 11/3-OH-MT treated rats

Adrenal % conversion of progesterone-4-14C to
Group n weight — DOC/B

mg DOC B 18-OH-DOC

Control 10 51.8+0.8* 38.0 35.2 14.2 1.08
ACTH, 4 U im 7 75.3+3.41 51.5 29.6 12.5 1.74
MT, 5 mg ip 12 36.1+1.51 62.7 23.5 9.4 2.67
5 mg MT+4UACTH 9 49.5+2.2 58.3 21.3 8.4 2.74
11/3-OH-MT, 5 mg ip 12 36.3+1.81 60.8 19.7 9.0 3.09
5 mg 11/3-OH-MT -f 10 50.5+2.6 57.8 20.9 6.9 2.80

4 U ACTH

Incubation conditions were similar to those in Tables 1 and 3 except that homogenate corresponding
to only 25 mg of adrenal tissue was used in each incubation flask. Treatment of rats lasted for 14 days.
Animals were treated each day.

* Standard error of the mean.

f Significantly different from control values, p <0.05.

the fact that the level of this cytochrome
was decreased by the treatment with MAD.
Simultaneous treatment with ACTH failed
to prevent the decrease in cytochrome P-
450 or the increase in cytochromes a+a3.

11 fi-Hydroxymethyltestosterone experiment.
Direct addition of MT to rat adrenal quar¬
ters inhibits the conversion of added pro¬
gesterone or DOC to corticosterone (4),
whereas addition of 11/3-hydroxymethyl-
testosterone (11/3-OH-MT) did not appear
to inhibit corticosterone formation. It was

decided to compare the effects of these two
compounds on adrenal cortical function in
the rat. Thus, groups of female Sprague-
Dawley rats from the Charles River Co.
were treated with MT or 11/3-OH-MT and
other groups given these androgens plus
ACTH. Treatment lasted for 14 days, after
which the rats were killed for the study of
in vitro corticosteroidogenesis in adrenal
homogenates and cytochrome P-450 assays
in adrenal mitochondria.

Treatment with MT or 11/3-OH-MT pro¬
duced a decrease in adrenal weights sim¬
ilar to that seen with MAD (Table 5).
Combined ACTH and androgen therapy
prevented this decrease but the adrenals
were smaller than those from rats treated
with ACTH alone.

The metabolism of progesterone-4-14C by
adrenal homogenates from the various
groups is shown in Table 5. As had been

shown previously (3), MT treatment re¬
sulted in inhibition of B formation with
the accumulation of increased amounts of
DOC in the incubation medium. Similar
effects were produced by 11/3-OH-MT. The
adrenals from animals treated with MT or

11/3-OH-MT plus ACTH also showed this
reduced formation of corticosterone as com¬

pared to controls and also an increase in
the DOC/B ratio. There was some increase
in the DOC/B ratio in the incubations of
adrenals from rats treated with ACTH
alone.

Cytochrome P-450 levels in adrenal mi¬
tochondria from 11/3-OH-MT and MT
treated rats were 65 and 74% of control
values, respectively. Simultaneous admin¬
istration of ACTH with these androgens
did not prevent this decrease in the level of
cytochrome P-450.

Metyrapone experiment. Female Sprague-
Dawley rats from the Charles River Co.
were given metyrapone over a period of six
weeks. Evidence for an effect of this 11/3-
hydroxylase inhibitor (15) on the adrenals
of these rats was that the plasma level of
DOC was increased.3 Other evidence that
the metyrapone was reaching the adrenal
gland in effective amounts was the adrenal
hypertrophy which occurred presumably as

3 Colby, H. D., and A. C. Brownie, unpublished
observations.
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Table 6. Effect of six weeks of metyrapone treatment on adrenal weight
and adrenal mitochondrial cytochrome levels of rats

Adrenal Cytochrome content (nmoles/mg protein)
Group n weight

mg a+a3 b c+Ci P-450

Control 16 77.9+2.3* 0.04 0.06 0.19 2.27
Metyrapone, 10 mg ip b.i.d. 20 91.7+3.Of 0.04 0.06 0.18 2.51

The spectrophotometric wavelengths and molecular extinction coefficients used to calculate the amounts
of the cytochromes were the same as in Table 2. Treatment of rats lasted for 6 weeks. Animals were
treated each day.

* Standard error of the mean,

f Significantly higher than controls, p <0.005.

a result of increased ACTH secretion

brought about by a decrease in the blood
corticosterone level (Table 6). Mitochon¬
dria were prepared from the adrenals of
control and metyrapone-treated rats and
the levels of normal respiratory chain cy¬
tochromes determined from succinate + cy¬
anide — aerobic difference spectra. Cyto¬
chrome P-450 levels also were determined.
It can be seen (Table 6) that there was no

apparent change in adrenal mitochondrial
cytochrome levels brought about by chronic
treatment with a potent 11 /3-hydroxv 1 ase
inhibitor.

Discussion

In analyzing the effects of MAD on adre¬
nal cortical function in the rat it has been
attractive to consider that this compound
is converted to MT by a steroid A5-3/3-ol-
dehydrogenase and that the MT acts as an
inhibitor of steroid 11/3-hydroxylase, in the
same way as does testosterone (16). The ex¬

periments described here, however, would
suggest that the mechanism of action of
MAD and other androgens on the adrenal
cortex is more complicated.

Associated with reduced ability of adre¬
nals from MAD-treated rats to metabolize

progesterone to B and 18-OH-DOC was a
fall in the level of cytochrome P-450 in the
adrenal mitochondria, an observation which
has been made on numerous occasions. In
view of the vital role played by this mixed
function oxidase in mitochondrial 11/3-hy-
droxylation (9, 10), it seems reasonable to
suggest that the lower level of cytochrome

P-450 contributes to the decreased produc¬
tion of B and 18-OH-DOC and thus the ac- (
cumulation of DOC. Previous studies have
indicated that the level of cytochrome P-
450 is not markedly reduced in adrenal cor¬
tical microsomes from MAD-treated rats

(8) and no decrease in steroid 21-hydroxyl-
ation activity was noted in the present
studies.

The finding in both short- and long-term
experiments that ACTH was unable to re¬
verse the effects of MAD on mitochondrial
cytochrome P-450 levels supports the con¬
clusion that these effects of MAD are not
mediated via a reduction in ACTH secre¬

tion but rather represent direct effects of
the MAD on the rat adrenal cortex. It has
been suggested that reduction in cyto¬
chrome P-450 levels may be related in some
unknown way to the presence of a poten¬
tial steroid 11/3-hydroxylase inhibitor. The
experiment with metyrapone was designed
to study the effect of chronic exposure of
the rat adrenal cortex to a nonsteroidal

competitive inhibitor of steroid 11/3-hy¬
droxylase. Adrenal mitochondrial cyto¬
chrome levels were not appreciably altered
by metyrapone treatment, giving support
to the hypothesis that these effects of MAD
on adrenal cytochrome levels are not sim¬
ply due to its conversion to a competitive
inhibitor of 11/3-hydroxylase but rather are
associated with its androgenic properties.
Support for this conclusion is the observa¬
tion from our laboratory3 that naturally oc- |

curring androgens, testosterone and an-
drostenedione, produce similar changes in
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the levels of adrenal mitochondrial cyto¬
chrome P-450.

Further support arises from the experi¬
ment with 11/3-OH-MT. This compound
had no inhibitory action on corticosterone
formation from progesterone when added
in vitro (4); however, adrenal homogenates
from rats which had been treated for two
weeks with 11/3-OH-MT showed impaired
ability to convert progesterone to cortico¬
sterone and 18-OH-DOC, resulting in the
accumulation of increased amounts of DOC
in the incubation medium. In addition, the
level of adrenal mitochondrial cytochrome
P-450 was lower in such animals than in
control rats and concurrent ACTH ther¬

apy failed to prevent these changes. Rats
which were treated for two weeks with MT
also showed impairment of corticosteroid-
ogenesis and low adrenal mitochondrial cy¬
tochrome P-450 levels. Thus, two andro¬
gens, one of which is (MT) and one of
which is not (11/3-OH-MT) an inhibitor of
118-hyd roxy 1ation when added directly to
adrenal preparations (4), produce similar
effects on the rat adrenal cortex when the
rats are treated with the compounds. These
results would appear to indicate that an
androgen need not be a potential 11/3-hy¬
droxylase inhibitor to affect adrenal mito¬
chondrial cytochrome P-450 levels and
corticosteroidogenesis. Earlier observations
by Roy and Mahesh (17) agree with our
findings that androgens can affect cortico¬
steroidogenesis by a direct action on the
adrenal. These authors found that large
doses of testosterone propionate decreased
the corticosterone content of adrenals in
normal as well as ACTH-treated rats.

In all experiments in which both andro¬
gen and ACTH were given to rats it could
easily be seen that the androgen treatment
interfered with the enlargement of the adre¬
nals, confirming the observation of Selye
(18). Indeed, in the long-term experiment
reported here the rats treated with both
MAD and ACTH had significantly smaller
adrenals than the controls. Thus, it appears
that androgens can interfere with the growth

of the adrenal cortex as well as interfere
with corticosteroidogenesis. Of interest in
this connection are the findings of Morrow
et al. (7) that testosterone added directly
to rat adrenal quarters caused nearly com¬
plete inhibition of protein synthesis and
blocked the steroidogenic effect of ACTH.
Our observations are consistent with the

hypothesis that androgen interferes with
enzymatic processes in the rat adrenal (19)
and it may well be that this involves inter¬
ference with the synthesis of adrenal pro¬
tein necessary for the effect of ACTH as
suggested by Morrow et al. (7).

What is also intriguing is the finding that
androgen treatment produces changes in
the ultrastructure of adrenal zona fascicu-
lata cells in the rat (1). These changes in¬
clude simplification of the mitochondria
with reduction in the number of vesicular
cristae. The finding that cytochrome P-450
levels are low and cytochrome oxidase
levels high in these altered mitochondria
would appear to indicate that the androgen
can control the synthesis of these important
electron carriers. Alterations in the levels
of these cytochromes may be involved
in the decreased corticosteroidogenesis
produced by MAD treatment; however,
the possibility that the androgen in¬
terferes with the provision of reducing
equivalents for steroid hydroxylations can¬
not be overlooked. A further complication
is the recent observation4 that MAD reacts
with adrenal mitochondrial cytochrome P-
450 to produce a type II spectral change.

Acknowledgments
Metyrapone was a gift from Dr. J. J. Chart, Ciba

Pharmaceuticals Ltd., and the 11/3-hydroxymethyl-
testosterone was donated by Dr. J. C. Babcock,
The Upjohn Co. The authors are grateful to Drs.
A. Molteni and W. B. Elliott for their help and
advice and to Mr. L. Joseph, Miss J. Jozwiak, Mrs.
D. Ide and Mr. J. R. Siburu for their technical
assistance.

This work was supported by Grant HE 06975
from the National Heart Institute and Training
Grant GM 1500 from the National Institute of
General Medical Sciences. The Cary 14 spectro-

4 Brownie, A. C., and E. R. Simpson, unpub¬
lished observations.



1092 BROWNIE, COLBY, GALLANT AND SKELTON Volume 86

photometer was provided by Grant GM 06241 to
Dr. Elliott.

References
1. Brownie, A. C., and F. R. Skelton, In Mc-

Kerns, K. W. (ed.), Functions of the Adrenal
Cortex, vol 2, Appleton-Century-Crofts, New
York, 1968, p. 691.

2. Skelton, F. R., and A. C. Brownie, In Jasmin,
G. (ed.), Endocrine Aspects of Disease Pro¬
cesses, W. H. Green, St. Louis, 1968, p. 271.

3. Skelton, F. R., A. C. Brownie, P. A. Nickerson,
A. Molteni, S. Gallant, and H. D. Colby, Circ
Res (Suppl. 1) 24: 35, 1969.

4. Rembiesa, R., P. C. M. Young, and M. Saf-
fran, Canad J Biochem 46:433,1968.

5. Rembiesa, R., M. Holzbauer, P. C. M. Young,
M. K. Birmingham, and M. Saffran, Endo¬
crinology 81: 1278, 1967.

6. Kitay, J. I., Acta Endocr (Kobenhavn) 43:
601, 1963.

7. Morrow, L. B., G. N. Burrow, and P. J.
Mulrow, Endocrinology 80: 883, 1967.

8. Brownie, A. C., F. R. Skelton, S. Gallant, P.

Nicholls, and W. B. Elliott, Life Sci 7: 765,
1968.

9. Harding, B.W., L. D. Wilson, S. H. Wong, and
D. H. Nelson, Steroids, Suppl. II: 51, 1965.

10. Omura, T., R. Sato, D. Y. Cooper, O. Rosen¬
thal, and R. W. Estabrook, Fed Proc 24:
1181, 1965.

11. Brownie, A. C., and F. R. Skelton, Steroids 6:
47, 1965.

12. Hogeboom, G. H., and W. C. Schneider, J Biol
Chem 186: 417, 1950.

13. Cammer, W., and R. W. Estabrook, Arch Bio¬
chem 122: 735, 1967.

14. Lowry, O. H., N. J. Rosebrough, A. L. Farr,
and R. J. Randall, J Biol Chem 193 : 265, 1951.

15. Liddle, G. W., D. Island, E. M. Lance, and A.
P. Harris, J Clin Endocr 18: 906,1958.

16. Sharma, D. C., E. Forchielli, and R. I. Dorf-
man, J Biol Chem 238: 572, 1963.

17. Roy, S., and V. B. Mahesh, Endocrinology 74:
187, 1964.

18. Selye, H., Metabolism 4: 403, 1955.
19. Saffran, M., and M. Vogt, J Physiol (London)

151: 123, 1960.



1

> • ■
. ■ ■.

'

■

■

•



Reprinted from ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS, Vol. 141, No. 1, November 1970
Copyright © 1970 Academic Press, Inc. Printed in U.S.A.

Interaction of Androgens with the Adrenal Mitochondrial
Cytochrome System

The Influence of Androgen Treatment on the Levels of Cytochrome in Rat
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The treatment of female rats with high doses of the synthetic androgens, 17a-
methylandrostenediol (MAD) and 17a-methyltestosterone (MT), leads to inhibition
of corticosterone formation from progesterone in adrenal homogenates. Mitochondria
were isolated from the adrenals of control and treated animals and several changes
were noted. 11/3-Hydroxylation rates were about 40 and 70% of control rates in adrenal
mitochondria from MT- and MAD-treated rats, respectively. Associated with the
androgen treatment there was a doubling in the levels of cytochromes a and 03 in the
adrenal mitochondria with no change in the levels of cytochromes 6 or c and ci . The
cytochrome P-450 levels were about 60% of control levels in adrenal mitochondria
isolated from MT- and MAD-treated rats. In addition to these alterations in adrenal
mitochondria cytochrome levels, there was evidence that the MT was bound to the
adrenal mitochondria. This binding resulted in lower DOC-induced spectral changes
in adrenal mitochondria isolated from MT-treated rats. Such binding of androgen
and the lower levels of cytochrome P-450 would appear to explain the decreased 11/3-
hydroxylation rates.

There are many indications that andro¬
gens influence the functional activity of the
adrenal cortex in various species. In the
female rat the adrenal glands are larger than
in the male (1, 2) and the blood level of
corticosterone higher (3). If rats are treated,
with androgens the weight of the adrenal
glands decreases appreciably (4-6) and the
adrenal level of corticosterone is lower
than in untreated animals (7).

Treatment of rats with large quantities of
the synthetic androgen 17a-methylandro-

1 Present address: Department of Biochemistry,
University of Edinburgh Medical School Teviot
Place, Edinburgh, Scotland.

2 Deceased October 22, 1969.
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stenediol3 (MAD) results in decreased ability
of adrenal homogenates from treated rats to
convert added progesterone to corticosterone
with the concurrent accumulation of 11-

deoxycorticosterone (DOC) in the incuba¬
tion medium (8). This increased production
of DOC appears to be related to the produc-

3 Trivial names, systematic names, and abbrevi¬
ations used in this paper: 17a-methylandro-
stenediol, 17a-methylandrost-5-ene-3j3,17j3-diol,
MAD; 17a-methyltestosterone, 17a-methyl-17/3-
hydroxyandrost-4-ene-3-one, MT; 11-deoxycor-
ticosterone, 21-hydroxypregn-4-ene-3,20-dione,
DOC; corticosterone, ll/3,21-dihydroxypregn-4-
ene-3,20-dione; tris (hydroxymethyl) aminometh-
ane, 2-amino-2-hydroxymethylpropane-l,3-diol,
Tris.
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tion of hypertensive cardiovascular disease
in MAD-treated rats (10).

Preliminary studies have shown that
MAD treatment results in profound changes
in the levels of cytochrome P-450 in adrenal
mitochondria (9). Rembiesa et al. (11) have
reported that slices of rat adrenal cortex
convert MAD to 17a-methyltestosterone
(MT) and in the present study the ability of
MAD and MT to alter the levels of adrenal
mitochondrial cytochromes is measured. In
addition substrate-induced spectral changes
are studied in adrenal mitochondria from
such treated rats as well as rates of 110-
hydroxylation.

MATERIALS AND METHODS

In all experiments 6-week-old female Sprague-
Dawley rats (90-120 g body wt) obtained from the
Charles River Co. were used. Animals were caged
individually and maintained in a room kept at
22° with 12-hr light and dark cycles. Rats were fed
Purina Lab Chow ad libitum. MAD and MT were

administered to rats by intraperitoneal injection
in the form of microcrystalline suspensions in 0.2
ml sterile water. The daily dose of MAD and MT
was 10 mg. Control groups of rats were injected
with water only.

At the end of the treatment period rats were
killed by decapitation. The adrenals were removed
rapidly, carefully freed of adhering fat, and
weighed. Homogenates were prepared with a tissue
grinder (Thomas), consisting of a Teflon pestle
and a grinding vessel made of borosilicate glass.
Homogenates were prepared in 0.25 m sucrose-
0.015 M Tris-chloride buffer, pH 7.4. Homogenates
were first centrifuged at 700? for 10 min to remove

nuclei, red cells, and unbroken cells and then
mitochondria were obtained by centrifuging at
10,000? for 10 min. Mitochondria were washed
once with sucrose-Tris-chloride buffer medium.

Mitochondria were suspended in sucrose-Tris
to give the mitochondria equivalent to 50 mg wet
wt of adrenal tissue/ml of suspending medium, i.e.,
about 1.3 mg protein/ml. 11/3-Hydroxylation rates
were measured by incubating 1 ml of such mito¬
chondrial suspensions with 150 nmoles of DOC in
isotonic buffer containing 0.25 m sucrose, 10 mi
potassium phosphate buffer, pH 7.4, 5 mi MgCL ,

and 3.1 mi isocitrate in a final volume of 5 ml.
Aliquots of incubation medium were withdrawn
at short time intervals after the start of the incu¬
bations and the corticosterone present in them
determined by sulfuric acid fluorescence (12, 13).

The concentrations of cytochromes in adrenal

mitochondrial preparations were determined using
an Aminco-Chance dual wavelength scanning
recording spectrophotometer by methods de¬
scribed by Cammer and Estabrook (14). Spectral
changes were also measured with this instrument.
Protoheme was determined as the pyridine hemo-
chromogen as described by Omura and Sato (15).
Protein assays were carried out by the method of
Lowry et al. (16). The millimolar extinction
coefficients used for calculation of cytochrome
content, as determined by difference spectro¬
photometry, were as follows using the wavelength
pairs indicated: 91 for the carbon monoxide com¬
plex of reduced cytochrome P-450, 450 minus 490
mjx; 16 for cytochrome a + as , 605 minus 625
mju; 20 for cytochromes c + ci , 552 minus 540
npx; 16 for cytochrome 6, 562 minus 575 m/i; and
32 for protohemochromogens, 557 minus 575 mu-

RESULTS

Adrenal Weights and 11 fi-Hydroxylation Rates
Treatment with MAD or MT for 2 weeks

produced the expected decrease in adrenal
weight of the female rats (Table I). The
extent of the reduction in adrenal weight
was similar for both androgens.

11/J-Hydroxylation rates were measured
with mitochondria isolated from control and
androgen-treated animals (Table I) and it
can be seen that MAD treatment resulted in
low 11/3-hydroxylation rates in isolated

TABLE I

11/3-Hydroxylation Rates and Mean Adrenal
Weights of Control, MAD-, and

MT-Treated Rats"

Group No. of rats Mean adrenal
weight

mg

Corticosterone
formation

(nmoles /mg
protein /min)

Control 28 63.2 14.8
MAD 30 47.0 10.1
MT 34 51.4 5.4

a Rats were treated for 2 weeks with androgens
as described in Methods section. 11/3-Hydroxyla¬
tion rates were measured by determining the cor¬
ticosterone formation by mitochondrial prepara¬
tions from the various groups. Mitochondria from
50 mg tissue were incubated in duplicate with 150
nmoles of DOC in isotonic buffer containing 0.25
m sucrose, 10 mi potassium phosphate buffer, pH
7.4, 5 mi MgCb , and 3.1 him isocitrate to a final
volume of 5 ml.
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TABLE II

Cytochrome and Protoheme Levels of

Adrenal Mitochondria from Control,
MAD-, and MT-Treated Rats"

Group

Adrenal mitochondrial content
(nmoles/mg protein)

a + a« b c + CI P-450 Pro¬
toheme

Control
MAD
MT

0.05
0.09
0.12

0.09
0.09
0.09

0.17
0.17
0.19

2.47
1.49
1.39

2.47
1.69
1.39

510 530 550 570 590 610 630 650

Wavelength - m/i

Fig. 1. Spectral changes of rat adrenal mito¬
chondria from control, MAD-, and MT-treated
groups. Rats were treated for 2 weeks. Adrenal
mitochondria were pooled from 28 control rats,
30 MAD-treated rats, and 34 MT-treated rats.
For each group, a 6-ml mitochondrial suspension
was divided equally between two cuvettes and
potassium cyanide (0.5 mM) and succinate (33
mM) added in that order to one cuvette. The differ¬
ence spectra were recorded in an Aminco-Chance,
dual wavelength scanning recording spectropho¬
tometer. Mitochondrial protein concentrations
were 1.31 mg.ml for the control group, 1.44 for the
MAD- and 1.17 for the MT-treated animals.

mitochondria when compared to control
mitochondria However, the decrease pro¬
duced by MAD treatment was not nearly as
great as that found in adrenal mitochondria
isolated from MT-treated rats.

Effect of MAD and MT on the Levels of
Respiratory Cytochromes

Anaerobic-aerobic difference spectra for
the mitochondrial preparations isolated from

" Respiratory chain cytochromes and cyto¬
chrome P-450 were determined by the methods de¬
scribed by Cammer and Estabrook (14). Proto¬
heme was measured as the pyridine hemochro-
mogen (15). Mitochondria were suspended in 0.25
M sucrose-0.015 m Tris-chloride buffer, pH 7.4 as
described in Figs. 1 and 2.

control, MAD, and MT groups are shown in
Fig. 1. It was apparent that the absorbance
band due to reduced cytochromes a and o3
at 605 mp was much more prominent in the
adrenal mitochondria from the androgen-
treated animals. At the same time the ab¬
sorbance bands due to reduced cytochromes
h, c and c\ were apparently of similar magni¬
tude in the three mitochondrial prepara¬
tions. These observations are borne out in
Table II where the levels of these cyto¬
chromes have been calculated. It can be seen

that there was an apparent twofold increase
in the concentration of cytochromes a and
a3 in the mitochondria from the MAD- and
MT-treated groups.

Effect of MAD and MT on the Levels of
Cytochrome P-^50

Cytochrome P-450 was measured as the
reduced cytochrome P-450-carbon mon¬
oxide complex. Assays were carried out on
the same mitochondrial preparations as had
been used for the study of the respiratory
cytochromes. Spectra of the reduced cyto¬
chrome P-450-carbon monoxide complex in
the three mitochondrial preparations are
shown in Fig. 2. It can be readily observed
that the magnitude of the absorption bands
due to cytochrome P-450 was much lower
in the mitochondria isolated from androgen-
treated animals than in those isolated from
the controls. When the levels of cytochrome



ANDROGENS AND ADRENAL CYTOCHROME P-450 21

Wavelength- mu

Fig. 2. Carbon monoxide difference spectra of adrenal mitochondria from control,
MAD- and MT-treated animals. The mitochondrial suspensions used were the same as
those used for respiratory cytochrome assay (Fig. 1). For each group, a 6-ml mitochondrial
suspension was divided equally between two cuvettes; the respiratory pigments reduced
with dithionite and then carbon monoxide equilibrated with one cuvette. The difference
spectra were then recorded. Mitochondrial protein concentrations were the same as de¬
scribed in Fig. 1.

P-450 present in the various preparations
were calculated (Table II), it was found that
the adrenal mitochondria from MAD-treated
animals had concentrations approximately
60% of control and the mitochondria from
MT-treated animals had concentrations 56 %
of control.

Microsomes were also isolated by conven¬
tional methods from liver samples taken
from the three groups of rats. When cyto¬
chrome P-450 levels were measured in such
preparations, no recognizable differences
were found between the groups.

Effect of MAD and MT on Protoheme
Levels in Adrenal Mitochondria

In view of the possibility that the andro¬
gens might interfere with the assay of cyto¬
chrome P-450, protoheme levels were deter¬
mined as the pyridine hemoehromogens in
the mitochondrial preparations. It is evident
from Table II that there were significant
decreases in the levels of protoheme in the
adrenal mitochondria from androgen-treated
animals and that these decreases corre¬

sponded very well with the decreases found
in the levels of cytochrome P-450.

Effect of MAD and MT Treatment on
DOC-Induced Spectral Changes

When substrates of the 11/3-hydroxylase
system are added to beef adrenal cortical
mitochondria, they induce a difference
spectrum with an absorption maximum at
385 mju and an absorption mininfum at 420
mfj. (17). The difference spectrum induced
by DOC in normal rat adrenal cortical
mitochondria is shown in Fig. 3 and it can
be seen that a similar spectrum was obtained.
In addition to the maximum at 385 m/i and
the trough at 420 mji there were distinct
minima at 530 and 575 m/z not shown in the
Figure.

DOC-induced spectral changes were also
measured in the adrenal mitochondrial
preparations from the MAD- and MT-
treated animals and those are shown in
Figs. 4 and 5, respectively. It was found that
with mitochondria from MAD-treated ani¬
mals the magnitude of the difference spec¬
trum induced by known amounts of DOC
was appreciably less than that induced in the
control mitochondria (Fig. 3). However, this
decrease was not nearly as great as that
found with adrenal mitochondria from MT-
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Wavelength - mji

Fig. 3. Steroid-induced difference spectra in
control adrenal mitochondria. Mitochondrial
protein concentration was 1.31 mg/ml. Varying
amounts of DOC were added in microliter volumes
of ethanol using Eppendorf micropipettes as
follows: (a) 1.5 nmoles, (b) 3.0 nmoles, (c) 7.5
nmoles, and (d) 12 nmoles DOC. Cytochrome
P-450 concentration was 2.47 nmoles/mg protein
and the volume in the cuvette was 3 ml.

Wavelength - mjA

Fig. 4. Steroid-induced difference spectra using
adrenal mitochondria from MAD-treated animals.
Mitochondrial protein concentrations was 1.44
mg/ml. The amounts of DOC added were the same
as described in Fig. 3. Cytochrome P-450 concen¬
tration was 1.69 nmoles/mg protein.
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Fig. 5. Steroid-induced spectra with adrenal
mitochondria from MT-treated animals. The
mitochondrial protein concentration was 1.17
mg/ml. The amounts of DOC added were the same
as described in Fig. 3. Cytochrome P-450 concen¬
tration was 1.39 nmoles/mg protein.

TABLE III

Absorbancy Change Produced by DOC in

Adrenal Mitochondria from Control,
MAD- and MT-Treated Rats

Group AUmax per nmole cytochrome
p-450"

Control 0.033
MAD 0.035
MT 0.018

" Absorbancy change produced by saturating
concentrations of DOC at 385-420 m/r.

treated animals. In the latter case very
small spectral changes were produced by the
DOC and the addition of amounts of DOC
greater than 12 nmoles produced no further
change in spectrum.

The levels of cytochrome P-450 in the
MAD and MT mitochondria were about
60% of those found in controls (Table II)
and in Table III the DOC-induced change in
absorbancy observed at 385 minus 420 m/j is
calculated per nmole of cytochrome P-450
present in the mitochondrial sample. It can
be seen that the mitochondria from MAD-
treated animals showed just as large spectral
changes as did the mitochondria from con-
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Wavelength - m/i Wavelength - m

Fig. 6. Steroid-induced spectra in control mitochondria with and without the presence
of added MT. The control mitochondrial suspension (1.31 mg/ml mitochondrial protein)
was diluted one to one with sucrose-Tris and spectral changes measured using similar
amounts of DOC to those shown in Fig. 3. A second experiment was carried out using 6 ml
of the diluted control mitochondrial suspension to which 60 /xg of MT was added initially
and then the DOC-induced spectral changes measured.

trol animals when the cytochrome P-450
concentration is taken into consideration.
However, the mitochondria from MT-
treated animals showed much lower spectral
changes than the mitochondria from control
animals even when allowance was made for
the low level of cytochrome P-450 present.

These results suggested that MT might
well be bound to the cytochrome P-450 in the
adrenal mitochondria of treated rats and
that this MT interferes with the association
of DOC with the cytochrome P-450. This
situation was recreated in vitro by the addi¬
tion of MT to rat adrenal mitochondria from
normal animals and then the DOC-induced
spectral changes measured (Fig. 6). The
addition of MT led to a distinct decrease in
the magnitude of spectral change produced
by added DOC. This observation will be
considered further in a subsequent pub¬
lication.

DISCUSSION

The present studies have attempted to
elucidate the mechanism of action of andro¬
gens on the biosynthesis of adrenal cortical
hormones using animals where a large sex
difference in adrenal cortical function is
known (3, 18).

The androgens used were the synthetic an¬
drogens 17a-methylandrostenediol (MAD)
and 17a-methyltestosterone (MT) which are
of interest since chronic treatment of rats
with them results in the production of hyper¬
tensive cardiovascular disease (10, 19) and
the production of hypertension is dependent
on the presence of the adrenals. Treatment
of rats with the naturally occurring andro¬
gen, testosterone, also results in the develop¬
ment of hypertension (20). Previous studies
(8) have indicated that adrenal homogenates
from rats treated with MAD or MT have
impaired ability to convert added proges¬
terone to corticosterone with DOC accumu¬

lating in the incubation medium. The present
studies reveal that the 11/3-hydroxylase ac¬
tivity is lower than normal in adrenal
cortical mitochondria from androgen-treated
rats, especially in those given MT. This
same effect can be produced by adding MT
directly to rat adrenal quarters (21).

To clarify these effects of MAD and MT
on steroid 11/3-hydroxylation rates, marked
changes in the respiratory cytochrome con¬
tent were detected, i.e., increased levels of
cytochrome a + a3 were associated with de¬
creased levels of cytochrome P-450 in the
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adrenal mitochondria from the MAD- and
MT-treated rats. This observation has now

been made on about 20 different occasions
and is most consistent. Previous studies (9)
indicated that the levels of adrenal micro¬
somal cytochrome P-450 were not altered
following androgen treatment and in the
present investigation it was found that there
were no changes in the levels of liver micro¬
somal cytochrome P-450 in the androgen-
treated rats nor were there any alterations
in drug-metabolizing enzyme activity. The
effect thus seemed to be confined to the
adrenal mitochondria where the steroid
11/J-hydroxylating enzyme system is located
(22, 23). It is of interest that other studies
(8) have shown that MAD treatment has a
marked effect on the fine structure of the
adrenal mitochondrial cristae.

Spectral changes produced by substrates
of 11/3-hydroxylase have been well docu¬
mented (17, 24) in beef adrenal cortical
mitochondria and the present studies have
shown that similar spectral changes occur in
rat adrenal mitochondria. The most likely
explanation of the observed alterations in
DOC-induced spectral changes is that the
injected MT is tightly bound to the cyto¬
chrome P-450 system of the rat adrenal
mitochondria and thus there is less binding
of the added DOC in in vitro studies. This
would also mean that when DOC metabo¬
lism to corticosterone is measured in such
preparations, low conversion rates should
be expected and were indeed found (Table
I). These very low rates of 11/3-hydroxyla-
tion by the adrenal mitochondria from MT-
treated rats may be due to the combined
effects of the low concentration of cyto¬
chrome P-450 present as well as the binding
of MT to the same site on the cytochrome
P-450 at which DOC would normally bind.
It cannot be excluded, however, that the
MT treatment interferes with the provision
of reducing equivalents for the 11/3-hy-
droxylation system.

The small decrease in 1 ^-hydroxylase
activity observed with the adrenal mito¬
chondria from MAD-treated rats may be
related to the decrease in the level of cyto¬
chrome P-450. The lack of a marked decrease
in DOC-induced spectral change would
suggest that at this time little conversion of

MAD to MT had occurred although this
reaction has been demonstrated in rat
adrenal quarters (11).

At present it is not possible to explain
why androgen treatment leads to alterations
in the adrenal mitochondrial levels of cyto¬
chrome a + a3 and P-450 but it appears that
there is a compensation operative between
the normal respiratory chain of mito¬
chondria and the hydroxylation pathway.
Other studies have shown that androgen
interferes with the response of the adrenal
gland to ACTH (7) and more specifically
adrenal protein synthesis (25). The present
studies suggest that androgens can affect
the metabolism of specific proteins in the
adrenal; proteins which are involved with
the control of steroid hormone biosynthesis.
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Abstract—The influence of testosterone on the adrenal mitochondrial steroid hydroxy-
lation system was investigated in the female Sprague-Dawley rat. After the injection
of animals with testosterone for 10 days, it was possible to demonstrate impairment of
progesterone metabolism in adrenal homogenates. The formation of corticosterone and
18-hydroxy-ll-deoxycorticosterone was lower than in controls and there was an accumu¬
lation of 11-deoxycorticosterone (DOC). Adrenal mitochondria isolated from testoste¬
rone-treated rats showed low rates of conversion of DOC-4-14C to corticosterone and
18-hydroxy-DOC, confirming the low activity of steroid 11/3- and 18-hydroxylases.
Rates of corticosterone formation from unlabeled DOC were also lower in adrenal
mitochondria from testosterone-treated animals. Accompanying these low steroid
hydroxylation activities in isolated mitochondria were decreased levels of adrenal
mitochondrial cytochrome P-450. In addition, spectral studies revealed that the DOC-
induced spectral change was considerably less in the adrenal mitochondria from testo¬
sterone-treated rats. The results described in this communication are consistent with the
concept that, after injection into the rat, testosterone reaches the adrenal cortex and
there interacts with the mitochondrial cytochrome P-450 in such a way that the natural
substrate, DOC, is less able to be bound and hydroxylated. This hypothesis was con¬
firmed by the addition of testosterone to rat adrenal mitochondria in vitro and the
observation of inhibition of both DOC-induced spectral changes and steroid hydroxy¬
lation.

The effects of androgens upon adrenocortical function and structure are numerous
and well documented.1,2 In a previous report, we have shown that the administration
of testosterone to rats, which were uninephrectomized and given 1 % saline as drinking
solution, could induce hypertensive cardiovascular disease.3 The pathogenesis of this
hypertension seemed to involve impaired adrenal 11/3-hydroxylation, resulting in an
increased secretion of 11-deoxycorticosterone (DOC), a potent mineralocorticoid.
Associated with the increased production of DOC was a decrease in the concentration
of cytochrome P-450 in adrenocortical mitochondria. The following studies were
carried out in an attempt to clarify the interaction of testosterone with the adrenal
cortical 11/3-hydroxylation system.

MATERIALS AND METHODS

Female, 35-day-old Sprague-Dawley rats obtained from the Charles River Com¬
pany were used. They were individually caged and maintained in a room with 12-hr

* This work was supported by Training Grant 01500 from the National Institute of General
Medical Sciences and Research Grant No. HE 06975 from the National Heart Institute.

t Present address: Endocrine Laboratory, University of Virginia Medical School, Charlottesville,
Va.
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Table 2. Metabolism in vitro of DOC-4-14C by adrenal mitochondria from

control and testosterone-treated rats*

Mitochondrial Per cent conversion of DOC-4-14C to
protein —

Group (mg/ml) DOCt B 18-OH-DOC

Control 1-57 18-7 47-2 22-1
19-1 45-9 22-8

9-1 55-1 25-3

Testosterone (10 mg) 1-55 56-2 25-1 11-8
52-7 27-9 14-1
51-0 29-8 13-9

* Adrenal homogenates were obtained from the two groups as described in Table
1. Mitochondria were prepared from the 2 homogenate preparations by differential
centrifugation and suspended in 0-25 M sucrose-0-01 M tris-chloride (pH 7-4) to
yield a mitochondrial preparation equivalent to 50 mg adrenal tissue/ml. Triplicate
1-ml samples from each group were incubated with 0-15 /ic DOC-4-14C (sp. act.,
0-65 mc/m-mole) and 4 ml of incubation buffer (see Table 1) containing isocitrate
'(100 mg/100 ml). Final volume was 5 ml. Incubations were done in air at 37° for
10 min. Percentage conversion of labeled DOC to metabolic products B and
18-OH-DOC followed paper chromatography.4

t Unmetabolized DOC.

Table 3. Rates of 11 /3-hydroxylation in vitro by adrenal mitochondria from control and
testosterone-treated rats*

Mean
Mitochondrial adrenal Rate of corticosterone Mean rate x Mean adrenal

protein wt. production wt.

Group (mg/ml) (nig) (nmoles/min/mg protein) (% of control)

Control 1-57 59-7 10-53
11-45
10-97

Testosterone (10 mg) 1-55 45-1 5-17
5-99 38
5-62

* Triplicate 1-ml samples of the two mitochondrial preparations (see Table 2) were incubated with
150 nmoles DOC in 4 ml of the incubation buffer containing isocitrate (100 mg/100 ml). Incubations
were done in air at 37°. Samples were withdrawn at 2-min intervals for the determination of corticos-
terone by sulfuric acid fluorescence.5,6

production by adrenal mitochondria from testosterone-treated rats was approxi¬
mately half that of controls. This observation tends to corroborate the results obtained
from the incubations with progesterone-4-14C and DOC-4-14C.

Since the administration of testosterone produces adrenal atrophy (Table 3),
a correction was made for the differences in adrenal mass between control and testo¬

sterone-treated groups by multiplying the mean rates of 11 /3-hydroxylation per milli¬
gram of adrenal mitochondrial protein by the mean adrenal weights. (The mito-
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chondrialprotein perunitweight of adrenal tissuewas virtually identical in bothgroups.)
If this value represents a crude index of the total 11 /3-hydroxylating capacity in vivo of
the adrenals in each group, then it can be seen (Table 3) that the 11/3-hydroxylating
activity of adrenals from rats receiving testosterone was reduced to an even greater
extent than is reflected by the rates of 11/8-hydroxylation alone.

Adrenal cytochrome levels
Adrenal mitochondrial cytochrome levels in control and testosterone-treated

groups are reported in Table 4. The levels of cytochromes b and c + ct were unaffected
by testosterone treatment. However, the concentration of cytochromes a + a3 in
mitochondria from the testosterone-treated group was double that of controls.

Table 4. Adrenal mitochondrial cytochromes, pyridine hemochromogen and adrenodoxin
levels in control and testosterone-treated rats*

Cytochrome conc.
(nmoles/mg protein) Pyridine

hemochromogen
(nmoles/mg protein)

Adrenodoxin
(% of control)Group a + a3 b C + C! P-450

Control 005 010 018 1-84 1-81

Testosterone (10 mg) OTO 013 0-19 1-03 1-08 60

* For the assay of respiratory chain cytochromes by the methods of Cammer and Estabrook,7 a 6-ml
aliquot of the mitochondrial suspension was divided equally between two cuvettes, placed in the
Aminco-Chance spectrophotometer, and a baseline of equal light absorbancy recorded. Potassium
cyanide (0-5 mM) and sodium succinate (33 mM) were then added in that order to one cuvette and
anaerobic-aerobic difference spectra recorded. For the assay of cytochrome P-450, sodium dithionite
was then added to both cuvettes and carbon monoxide was equilibrated with one cuvette. Difference
spectra were again recorded. Spectrophotometric wavelengths used for the measurement of cyto¬
chrome levels were: a + a3, 605-625 nm; b, 562-575 nm; c + Ci, 552-540 nm; P-450, 450-490 nm.
Millimolar extinction coefficients used were: a + a3, 16; b, 20; c + Ci, 19; P-450, 91. Protoheme
was measured as the pyridine hemochromogen.9 Adrenodoxin was measured by electron paramag¬
netic resonance using a Varian E-3 spectrometer with the quantitation depending on the height of the
g = 1 -94 signal.

The absorption band due to the reduced cytochrome P-450 carbon monoxide com¬
plex was considerably smaller in the adrenal mitochondria from the testosterone-
treated rats than that from controls. The level was approximately 60 per cent of that
in controls. In order to be certain that the apparent reduction in mitochondrial cyto¬
chrome P-450 level was not the result of an interaction between testosterone and the

cytochrome P-450, interfering with its assay, mitochondrial protoheme was measured
as the pyridine hemochromogen (Table 4). It can be seen that the pyridine hemochro¬
mogen levels were in fact almost identical to those of cytochrome P-450 in each group,
supporting the conclusion that there was a true decrease in the amount of cytochrome
P-450 in the adrenal mitochondria of testosterone-treated rats.

A reduction in the concentration of adrenal mitochondrial adrenodoxin was also

apparent in the androgen-treated rats (Table 4), which paralleled rather well the
per cent decrease in cytochrome P-450.
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DOC-induced spectral changes
It has been shown that the addition of DOC to bovine adrenocortical mitochondria

produces a difference spectrum, with an absorption maximum at 385 nm and a
minimum at 420 nm.8 This observation has recently been confirmed for rat adrenal
mitochondria.11

Adrenal mitochondrial aliquots from the control and testosterone-treated groups
were titrated with DOC and the magnitude of the induced spectral change(AA385 -42o)
was calculated for each DOC addition. It is evident (Fig. 1) that the difference spec¬
trum induced by DOC was considerably smaller in the mitochondria from androgen-
treated rats than in those from controls.

Wavelength, m fj. Wavelength, m/.L

Fig. 1. Spectral changes resulting from the addition of DOC to adrenal mitochondrial suspensions
from controls and rats treated with testosterone for 10 days. Spectra were obtained as described in
Table 5. The resulting difference spectra have been replotted. DOC concentrations were: (1) 0-5 (iM;

(2) 1-0 /J.M; (3) 2-5 f*M; (4) 4-0 nM.

Since the magnitude of the substrate-induced spectral change depends upon the
concentration of cytochrome P-450 in the cuvettes, and since testosterone treatment
produced a decrease in the level of adrenal mitochondrial cytochrome P-450, the
induced difference spectrum for each group was evaluated per nmole of cytochrome
P-450 present (Table 5). Even after correction for differences in cytochrome P-450
levels, the DOC-induced spectral changes in the mitochondria from testosterone-
treated rats were still less than half the magnitude of those in controls. It therefore
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appears that testosterone is capable of interacting with cytochrome P-450 in adrenal
mitochondria in such a manner as to prevent its (cytochrome P-450) subsequent
interaction with its natural substrate, DOC.

Table 5. Effect of testosterone on the DOC-induced spectral change in adrenal

mitochondria*

Group

Mitochondrial
cytochrome P-450

(nmoles/mg protein)

DOC
added
Os)

AA3 8 5-4.20

AA385-420

Absolute

/nmole P-450

% Control

Control 1-84 1-0 0-0385 0-0140
2-5 0-0610 0-0222
40 0-0750 0-0273
90 0-0860 0-0313

Testosterone (10 mg) 1-03 10 0-0150 0-0088 62-9
2-5 0-0185 0-0108 48-6
4-0 0-0205 0-0120 44-0
90 0-0215 0-0125 39-9

* Adrenal mitochondrial preparations were obtained from both groups as described in Table 2.
Six ml of mitochondrial suspension was equally divided between two cuvettes of the Aminco-Chance
spectrophotometer and a baseline of equal light absorbancy was recorded. Successive aliquots of DOC
dissolved in small volumes of ethanol were then added and difference spectra were obtained after each
addition.

Effects of the addition in vitro of testosterone to adrenal mitochondria
If the effects of testosterone upon the DOC induced spectral change and mito¬

chondrial metabolism of DOC are the result of its interaction with adrenal mito¬
chondrial cytochrome P-450, as opposed to an alteration in some extra-adrenal
parameter which secondarily elicits a response in the adrenal, they should be duplicated
when testosterone is added in vitro to adrenal mitochondria from untreated rats.

The following study was therefore carried out to test this hypothesis. Adrenal mito¬
chondria were isolated from normal rats as previously described and suspended in suc¬
rose-tris buffer. To half of the mitochondrial suspension was added an amount of
testosterone so that its final concentration was 2 X 10" 4 M, while the other half had a
similar volume of vehicle (0-1 ml ethanol) alone added. The following studies were
then performed.

Metabolism of DOC-4-14C and rates of 11/1-hydroxylation
It can be seen (Table 6) that in the control flasks most of the DOC-4-14C was con¬

verted to corticosterone and 18-OH-DOC. In the presence of testosterone, however,
much of the DOC was unmetabolized ,with considerably less converted to more polar
steroids.

The rates of 11/3-hydroxylation in the flasks containing testosterone were corres¬
pondingly lower than those of the controls. Thus, the impairment in DOC metabolism
evident after the administration in vivo of testosterone was also apparent when it
was added in vitro.
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Table 6. Effect of testosterone in vitro on the metabolism of DOC by adrenal mitochondria*

Per cent conversion of DOC-4-14C to Rate of corticosterone formation

Group DOCf B 18-OH-DOC (nmoles/min/mg
protein)

(% Control)

Control 10-7 53-7 26-3 27-3
12-9 50-4 25-1 27-3

Testosterone 40-5 30-7 16-2 16-7 62
(2 x 10-4M) 41 -2 28-5 14-9 17-3

* An adrenal mitochondrial pool was prepared from control rats. Mitochondria were incubated
with DOC-4-14C as described in Table 2. Rates of corticosterone formation were measured as des¬
cribed in Table 3. Testosterone was added to flasks dissolved in a small volume of ethanol to give a
final concentration of 2 x 10~4 M. The higher rates of corticosterone formation in control adrenal
mitochondria (see Table 3) represent normal variation between different batches of rats, but may also
reflect seasonal variation in adrenal cortical function,

t Unmetabolized DOC.

DOC-inducedspectral change
Figure 2 shows the effect of testosterone at a concentration of 2 X 10-4 M upon

the magnitude of the spectral change induced by DOC. No correction for protein or
cytochrome P-450 concentration differences was necessary, since both mitochondrial
aliquots were drawn from the same sample. It is clear that the presence of testosterone
had a pronounced effect upon the substrate-induced difference spectrum, reducing
its magnitude to one-third that of control.

DISCUSSION

It is well established that androgens affect adrenocortical function in the rat.1,2
When male rats are castrated, their adrenals hypertrophy and plasma corticosterone
concentrations increase.12 On the other hand, the administration of testosterone to
female rats has been shown to result in decreased steroidogenesis in vitro, as well
as a decrease in plasma corticosterone.1 Similarly, large doses of testosterone produce
a decrease in the corticosterone content of the adrenals of male rats13 and reduced
corticosterone production by adrenal slices.2

The aforementioned effects might all be logically attributed to the capacity of andro¬
gens to inhibit ACTH secretion by the pituitary gland.14 However, other effects of
of androgens upon adrenocortical function can only be explained via a direct effect
at the adrenal level. For example, testosterone in vitro reduces adrenal protein syn¬
thesis in the rat15 and competitively inhibits the 11 /?-hydroxylation of DOC by bovine
adrenal mitochondria.16 In addition, high doses of various androgens will retard or

prevent adrenal involution after hypophysectomy17,18 or treatment with adrenocortical
steroids.19 It has also been shown20 that the simultaneous treatment of rats with ACTH
and androgens does not prevent the inhibition of corticosteroidogenesis produced
by androgens alone. Recent studies1 have revealed that, although total steroid produc¬
tion by adrenal homogenates is enhanced by castration, corticosterone levels are
reduced. These changes can be reversed by testosterone replacement. This apparent
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Wavelength, m/jl Wavelength, m^.

Fig. 2. Spectral changes resulting from the addition of DOC to a control adrenal mitochondrial
suspension and one containing testosterone at a concentration of 2 x 10~4 M. DOC concentrations

were the same as in Fig. 1.

discrepancy in total steroid and corticosterone formation has been shown to represent
an increased rate in the metabolism of corticosterone by adrenals from gonadecto-
mized male rats, resulting in an increased production of 3/3,5-allotetrabydrocorti-
costerone.1

We have previously reported3 that the administration of testosterone in large
doses to properly sensitized female rats produced hypertensive cardiovascular disease.
Adrenal homogenates from these rats were unable to produce substantial amounts of
corticosterone or 18-OH-DOC from added tracer progesterone, resulting in a tre¬
mendous accumulation of DOC in the incubation medium. This indicated an impair¬
ment in the 11/8- and 18-hydroxylation of DOC by adrenals from testosterone-treated
rats, at least as measured in vitro. Plasma DOC levels were also markedly elevated in
those rats treated with testosterone. Accompanying the decrease in the 11/8- and 18-
hydroxylation of DOC was a fall in the concentration of adrenal mitochondrial cyto¬
chrome P-450, the terminal oxidase for both of these hydroxylations.21,22 The present
studies were conducted in an attempt to elucidate the mechanism of this testo¬
sterone-induced decrease in DOC metabolism by adrenocortical mitochondria.

As in our previous experiments,3 adrenal homogenates from testosterone-treated
rats were impaired in their capacity to convert added progesterone beyond DOC. Con¬
trol homogenates, on the other hand, metabolized almost all of the progesterone to
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corticosterone and 18-OH-DOC with very little radioactivity recovered as DOC.
Similarly, adrenal mitochondria isolated from the testosterone-treated rats showed
considerably lower rates of 11/3-hydroxylation of DOC than those isolated from
controls. The calculated rates of corticosterone formation were consistent with the

per cent conversion of DOC-4-14C to more polar steroids by the same mitochondrial
preparations.

A decrease in the concentration of adrenal mitochondrial cytochrome P-450 and
an increase in cytochromes a + a3 were apparent after testosterone treatment. The
levels of cytochromes b and c + cx did not differ from those of controls. A similar
change in adrenal mitochondrial cytochrome levels was reported23 after treatment of
rats with the synthetic androgen, 17 a-methylandrostenediol.

To be certain that the observed decrease in the level of cytochrome P-450 resulting
from androgen treatment was real and not the result of testosterone interfering with
the assay for cytochrome P-450, adrenal mitochondrial protoheme levels were also
determined. The concentration of pyridine hemochromogen in each case was almost
identical to that of cytochrome P-450, indicating that testosterone administration did
produce a real fall in the concentration of adrenal mitochondrial cytochrome P-450.
In addition the adrenals from testosterone-treated rats showed a reduction in adreno-
doxin levels which paralleled very well the per cent decrease in cytochrome P-450.
Thus, another component of the hydroxylating electron transport chain was affected by
androgen.

When suspensions of adrenal mitochondria from testosterone-treated rats were
titrated with DOC, the magnitude of the induced spectral change was considerably
less than that of controls. It has been fairly well established that this spectral shift
represents an interaction between DOC and cytochrome P-450 in the course of its
(DOC) hydroxylation.24-27 Therefore, the size of the difference spectrum depends
upon the concentration of cytochrome P-450 and, since the amount of P-450 was
reduced in the androgen-treated rats, this reduced spectrum was not an unexpected
finding. However, even when the magnitude of the substrate-induced spectral change
was evaluated per nmole of cytochrome P-450, it was still markedly smaller in
adrenal mitochondria from testosterone-treated rats than in those from controls.
This same effect was also observed when testosterone was added in vitro to adrenal
mitochondria from untreated rats, so that it apparently is a direct effect of testosterone
on adrenal cortical mitochondria and not secondary to an alteration in some extra-
mitochondrial parameter.

The evidence available would therefore seem to indicate that testosterone acts to

inhibit the metabolism of DOC by producing a decrease in mitochondrial cytochrome
P-450 levels and, in addition, by interacting with cytochrome P-450, thereby reducing
available binding sites on P-450 for DOC and preventing its further hydroxylation.
Recent studies indicate that testosterone may itself be hydroxylated in place of DOC.28

Preliminary findings indicate that these effects may be of physiologic significance.
In a single experiment, adrenal mitochondria from castrated male rats were found
to have a somewhat higher concentration of cytochrome P-450 and greater spectral
response to DOC than those from intact controls. This would be consistent with a
physiologic interaction between androgen and cytochrome P-450. In addition, although
direct comparisons were not made in any single experiment, the rates of llj8-hydroxy-
lation in vitro and the magnitude of the DOC-induced spectral change were consider-
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ably greater in adrenal mitochondria from untreated female rats than in those from
males of the same strain. Of course, the effect of estrogen on these parameters must
also be considered.
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SUMMARY

The effects of the chronic administration of testosterone, androstenedione and DHA upon
adrenal cortical function in the rat were compared. Only testosterone induced hypertensive
disease and decreased 11/3- and 18-hydroxylase activity in vitro. Significant decreases in
adrenal mitochondrial cytochrome P-450 levels were apparent in all androgen-treated groups.
Testosterone administration also resulted in a significant increment in the concentration of
cytochromes a + a3. The DOC-induced difference spectrum was reduced in all androgen-treated
groups when expressed per mg of protein but only in mitochondria from testosterone-treated
rats when calculated per nanomole of cytochrome P-450. The results suggest that the inhibition
of the 11/3- and 18-hydroxylation of DOC by testosterone is the result of competitive binding
to cytochrome P-450 and not the induced decrease in cytochrome P-450 levels per se.

INTRODUCTION

The role of the gonadal hormones in the regulation ofadrenocortical function in
the rat is well documented [1, 2]. Reports from this laboratory have revealed that
the administration of large doses of testosterone [3] or synthetic androgenic com¬
pounds [4, 5] to properly sensitized rats may so modify their adrenocortical
secretory pattern that hypertensive cardiovascular disease results. More recent
studies [6, 7] have been concerned with the pathogenesis of this androgen-induced
hypertension. The present communication compares the effects of the three
principal naturally-occurring androgens upon steroidogenesis by the rat adrenal
cortex and the resulting blood pressure changes.

MATERIALS AND METHODS

Female, 35-day-old Sprague-Dawley rats obtained from the Holtzman Co.
were used. Females were employed because of their greater susceptibility to
the development of hypertension. They were individually caged and maintained
in a room with 12 h light and dark cycles at a constant temperature of 22 ± 1°C.
Rats were fed Purina Lab Chow ad libitum and given tap water as drinking
solution for one week at which time right nephrectomy was performed on all
animals. Thereafter all rats were given 1% sodium chloride as drinking solution
ad libitum. Treatment was initiated 3 days following uninephrectomy.

All androgens were obtained from Steraloids, Inc. and checked for purity by
melting point determination and thin layer chromatography on silica gel. Experi¬
mental rats received 10 mg of testosterone, DHA* or androstenedione daily for

*Trivial names and abbreviations used: Corticosterone (B): 1 l/3,21-dihydroxy-4-pregnene-3,20-
dione; dehydroepiandrosterone (DHA): 3/3-hydroxy-5-androsten-17-one; androstenedione: 4-
androstene-3,17-dione; 11-deoxycorticosterone (DOC): 21-hydroxy-4-pregnene-3,20-dione: 18-
hydroxydeoxycorticosterone (18-OH-DOC): 18,21-dihydroxy-4-pregnene-3,20-dione.

237
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inducing the greatest decrease in size (Table 1). There was also marked cardiac
hypertrophy and a significant increase in kidney size in the androgen-treated
groups. Testosterone caused the greatest increase in the size of these two organs,
as would be expected based upon the respective mean blood pressures. Only
testosterone administration produced significant atrophy of the pituitary gland.

Adrenal homogenate incubations
Table 2 shows the results of the incubation of adrenal homogenates, obtained

from control and androgen-treated rats, with [4-14C] progesterone. The pro¬
gesterone was quite readily metabolized in all the incubation flasks, as very little
was recovered at the end of the incubation period. No significant differences
existed between control and androgen-treated groups in the amounts of pro¬
gesterone metabolized. There was, however, considerable variation in the amounts
of the various metabolites in which the radioactivity was recovered. Controls
converted almost all of the progesterone to corticosterone and 18-OH-DOC,
the main secretory products of the rat adrenal cortex, and very little DOC
was recovered from the incubation medium. The homogenates from the testo¬
sterone-treated rats, on the other hand, were able to effectively metabolize the
progesterone only as far as DOC, with very little conversion to more polar
steroids. Thus, testosterone administration resulted in a marked reduction in
adrenal 11/8- and 18-hydroxylase activities. The homogenates obtained from
DHA and androstenedione-treated rats converted considerably more of the
progesterone to corticosterone and 18-OH-DOC than did those from testo¬
sterone-treated rats. However, even for these two groups, significantly more DOC
and less corticosterone was recovered from the incubation medium than from
controls.

Mitochondrial incubations

In order to evaluate the effects of androgen treatment upon adrenal 11/3- and
18-hydroxylation more directly, adrenal mitochondria from the various groups
were isolated and incubated with [4-14C] DOC. The results are presented in
Table 3. It can be seen that mitochondria from controls converted most of
the DOC to corticosterone and 18-OH-DOC. Less than 20% of the radioactivity

Table 2. In vitro metabolism of [4-14C] progesterone by adrenal homogenates from control and
androgen-treated rats

Group
and

treatment

Number
of

experiments

Percent conversion of [4-14C] progesterone to:

Progesterone* DOC B 18-OH-DOC

Control 4 7-8 ± 1 -8t 5-5 ±0-9 62-3 + 4-8 26-2±2-2

Testerosterone 4 5-1=t 1-0 67-4 ±5-2 11 -2 ± 1-2 5-7 + 0-8

Androstenedione 4 4-2± 1-4 27-4 + 4-3 40-2 + 3-2 20-6±3-2

DHA 4 5-3 + 1-3 28-7 ±3-9 38-4±3-8 17-9 + 2-1

*Unmetabolized progesterone.
tStandard error of the mean.

p < 0 01 (vs. controls).
—p < 0 05 (vs. controls).
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Table 3. In vitro metabolism [4-I4C] DOC by adrenal mitochondria from control and androgen-treated
rats

Group Number Mitochondrial Percent conversion of [4-I4C] DOC to:
and of protein

treatment experiments (mg/ml) DOC* B 18-OH-DOC

Control 4 l-62 + 0-21t 15-8 ±2-1 50-2 + 4-3 22-7 ±2-1

Testosterone 4 l-67±0-28 59-5±4-3 23-8 + 2-1 11-1 ± 1-9

Androstenedione 4 1-53+0-19 15-5 ±2-1 47-6 + 3-8 23-2 + 2-2
DHA 4 1-65 + 0-31 14-3 + 1-8 50-6±3-4 23-7 ±1-8

*Unmetabolized DOC.

tStandard error of the mean.

p < 0-01 (vs. controls).

was recovered as residual DOC. The metabolism by mitochondria from andro-
stenedione- or DHA-treated rats was essentially the same as that of controls,
with no detectable impairment in mitochondrial hydroxylating activity. The
mitochondria from those rats treated with testosterone, on the other hand,
were able to convert less than half of the added DOC to more polar compounds,
consistent with marked inhibition of 11/3- and 18-hydroxylation.

Adrenal cytochrome concentrations
Adrenal mitochondrial cytochrome levels in control and androgen-treated rats

are reported in Table 4.
The concentrations of cytochromes b and c + Cj were not affected by treatment

with any of the androgens. The a + a3 levels in the adrenals of testosterone-
treated rats were, however, more than double those in controls. The administration
of DHA and androstenedione produced small but insignificant increases in
the concentration of these cytochromes.

The levels of mitochondrial cytochrome P-450, the terminal oxidase for 11/3-
and 18-hydroxylation [12, 13], were significantly reduced in all of the androgen-
treated groups. The greatest decrease was observed in the adrenals from the
testosterone-treated rats. We have previously [6] shown this apparent reduction
in cytochrome P-450 to be real, and not the result of androgenic interference with
its accurate assay, by the demonstration of a comparable decrease in total
mitochondrial protoheme.

Table 4. Adrenal mitochondrial cytochrome concentrations in control and androgen-treated rats

Group
and

treatment

Number
of

experiments

Cytochrome concentration (tj moles/mg Protein)

a + a3 c + c, P-450

Control
Testosterone

Androstenedione

DHA

0-04 + 0-01t 0-13±0-02 0-19±0-02 2-10 + 0-20
0-10 + 0-02 0-12 + 0-01 0-20 + 0-03 1-01 ±0-15

0-06 + 0-01

0-06 + 0-01

0-13 ±0-02 0-21 ±0-02 l-29±0-21

0-14 + 0-03 0-21+0-03 1-18 + 0-17

tStandard error of the mean.

p < 0-01 (vs. controls).
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DOC-induced spectral changes
It has previously been reported that the addition of DOC to bovine [10] or

rat [7] adrenocortical mitochondria produces a difference spectrum with an
absorption maximum at 385 nm and a minimum at 420 nm.

Adrenal mitochondria isolated from control and androgen-treated rats were
titrated with DOC. The change in optical density at 385 nm minus that at 420 nm
was calculated for each addition of DOC (Table 5).

It is apparent that the magnitude of the spectral change induced by DOC
was considerably smaller in adrenal mitochondria from the androgen-treated
rats than in those from controls. The smallest response was acquired from those
mitochondria from testosterone-treated rats, less than one third that of controls.

Since the magnitude of the substrate-induced spectral change depends upon
the concentration of cytochrome P-450 and since androgen treatment produced
marked decreases in the levels of this cytochrome, the induced difference spec¬
trum in each group was also expressed per nanomole of cytochrome P-450
(Table 5). Even after this correction for differences in P-450 concentrations, the
DOC-induced spectral change in the mitochondria from testosterone-treated
rats was still less than half that in controls. However, the apparent differences
in the magnitude of the spectra from androstenedione- and DHA-treated rats
and controls were eliminated after this reevaluation. Therefore, the capacity of
DOC to interact with cytochrome P-450 was reduced only after testosterone
treatment.

Table 5. DOC-induced spectral changes in adrenal mitochondria from control and androgen-
treated rats

Group Cytochrome DOC AA385_420 AA385—420lv mole P-450
and P-450 concentration (x 10-2) (x 10"2)

treatment (p moles/mg Prot) (/*M)

Control 2-10 10 3-20±0-40t 0-94 ±0-10
2-5 5-90 + 0-79 1-73 ±0-22
4-0 7-39±0-83 2-17±0-26

Testosterone 101 1-0 0-91 ±0-11 0-54 + 0-09

2-5 1-55 + 0-23 0-92±0-15

4-0 1-80 + 0-22 1 -07 ±0-11

Androstenedione 1-29 10 1-95 + 0-17 0-99 ±0-08

2-5 3-35±0-42 1-70 + 0-19

4-0 4-20 + 0-40 2-13 ±0-20

DHA 1-18 1-0 1-77 + 0-29 0-91+0-07

2-5 3-21+0-35 1-65 ±0-17

4-0 4-03 + 0-39 2-07 ±0-21

tStandard error of the mean.

p < 001.
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DISCUSSION

It is well established that several androgenic compounds, when administered
to properly sensitized rats, induce hypertensive cardiovascular disease[2, 3, 5].
The preponderance of evidence available implicates adrenocortical dysfunction
in the pathogenesis of these models of experimental hypertension.

The results of previous studies from this laboratory [2, 3] have supported
the hypothesis that the specific biochemical defect resulting from androgen
administration is impaired adrenocortical 11/3- and 18-hydroxylation, causing
an increased production of 11-deoxycorticosterone (DOC), a known hyperten-
sinogenic mineralocorticoid[14]. This contention rests upon the results of both
in vitro adrenal incubation studies and plasma steroid analyses [3]. In addition,
other investigators have shown androgens capable of inhibiting 11/3-hydroxylation
in vitro [ 15] and we have found that the chronic treatment of rats with mety-
rapone, a non-steroidal competitive inhibitor of 11/3-hydroxylation, also produces
hypertensive disease [16].

It has been proposed that the mechanism(s) of this androgen-induced decrease
in DOC metabolism involves both a reduction in the absolute levels of adrenal
mitochondrial cytochrome P-450 and competition for binding to this cytochrome
between androgen and DOC [6, 7]. This interaction of DOC with cytochrome
P-450 is thought to represent an obligatory step in its conversion to corticosterone
[9].

The results of the present studies are essentially consistent with and tend to
solidify the aforementioned hypotheses. Of the three androgens administered
(testosterone, DHA and androstenedione) only testosterone induced severe
hypertensive disease. Similarly, only the adrenals from testosterone-treated
rats showed a marked decrement in corticosterone production in vitro. Those
androgens (DHA and androstenedione) which had little effect on adrenal
11/3-hydroxylation did not produce significant alterations in blood pressure.
The small increases in systolic blood pressure following DHA and androstene¬
dione treatment might be attributable to a milder inhibition of DOC metabolism
by those androgens. Such a possibility is suggested by the results of the adrenal
homogenate incubations (Table 2) as well as in vitro studies [15, 17] in which
these androgens were seen to inhibit 11/3-hydroxylation but to a lesser extent
than testosterone. In any event, in the present studies the degree of impairment
in 11/3-hydroxylation, as measured in vitro, corresponds very well with the blood
pressure levels attained.

These studies also tend to clarify the probable mechanism of action of testo¬
sterone in the inhibition of 11/3- and 18-hydroxylation. Whereas we have previous¬
ly considered [6] both the reduced levels of cytochrome P-450 and decreased
interaction (as reflected by the DOC-induced difference spectrum) of DOC
with this cytochrome to be significant factors in the depression of DOC meta¬
bolism (11/6- and 18-hydroxylation), it would now appear that the former may
be of little consequence. All three androgens produced substantial and essentially
equivalent reductions in the concentration of cytochrome P-450, yet only
testosterone significantly affected adrenal 11/3- and 18-hydroxylation. In addition,
we have previously found [ 15] that during the course of testosterone administra¬
tion, mitochondrial cytochrome P-450 levels are reduced prior to any demon¬
strable defect in 11/3- and 18-hydroxylation. Similarly, other inhibitors of steroid
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hydroxylases such as metyrapone seem to exert no effect on cytochrome P-450
levels [16,18] per se.

On the other hand, the relative ability of DOC to interact with cytochrome
P-450 does appear to parallel its rate of hydroxylation. Testosterone treatment
resulted in comparable decreases in both the rates of corticosterone production
in vitro and the magnitude of the DOC-induced spectral change. The administra¬
tion of DHA or androstenedione, in contrast, affected neither of these parameters.
When testosterone was added to adrenal mitochondria in vitro comparable
inhibition of both the DOC-induced difference spectrum and the metabolism
of DOC was again evident [6], an effect similar to that produced by metyrapone
[18].

The observation [19] that testosterone induces a spectral change of its own,
similar to that of DOC, is consistent with the thesis that both of these steroids
interact with cytochrome P-450 in a similar manner. It is, therefore, quite
probable that the increased secretion of DOC by the adrenal cortex of rats
chronically treated with androgens is the result of a decreased capacity of this
steroid to bind with cytochrome P-450, thereby preventing its conversion to
corticosterone or 18-OH-DOC.
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There are many reports that androgens influence the function of the adrenal cortex in
rats. When rats were treated with androgens, the weight of the adrenal glands fell (Carter,
1956) and the adrenal level of corticosterone was lower than in controls (Roy and
Mahesh, 1964). Sharma et al. (1963) found that testosterone inhibited adrenal steroid
1113-hydroxylase and numerous other reports have suggested that androgens interfere
with corticosteroidogenesis when they are administered in large amounts. Kitay (1963)
has shown that when female rats are treated with large amounts of testosterone the blood
level of ACTH falls and this probably accounts for the usually observed fall in adrenal
weight following androgen therapy.

Another observation of interest is the finding by Skelton (1953) that treatment of rats
with the synthetic androgen 17a-methylandrostenediol led to the development of hyper¬
tensive cardiovascular disease. Recent studies have shown that other androgens including
17a-methyltestosterone and testosterone have the same effect (Molteni et al., 1969; Colby
et al., 1970). With the recognition that the adrenal glands were necessary for the develop¬
ment of androgen-induced hypertension (Salgado and Selye, 1954), studies have been
carried out in our laboratories to ascertain the interaction between androgens and the
adrenal cortex.

Effect of androgen treatment on corticosteroidogenesis
Rats were treated daily with 17a-methylandrostenediol (MAD), 17a-methyltestosterone

(MT) or testosterone for several weeks. The usual daily dose was 5-10 mg given sub-
cutaneously in corn oil.

The androgen treatment caused a marked fall in adrenal weight which was apparent
after only one week of treatment. Adrenal homogenates were prepared and incubated
with progesterone-4-14C in the presence of malate or isocitrate and glucose-6-phosphate.
Analysis of the metabolites indicated that whereas the progesterone was efficiently con¬
verted to 11-deoxycorticosterone (DOC), very little corticosterone or 18-hydroxy-DOC
was formed following androgen treatment. These observations of altered corticoste¬
roidogenesis could be made as soon as 1 week after the initiation of androgen therapy and
became very severe after 4 weeks of treatment. The DOC fraction was characterized by
isotope dilution analysis and there could be no doubt that 11(1- and 18-hydroxylations
were inhibited in the adrenal homogenates from androgen-treated rats.

Adrenal mitochondria were isolated from control and androgen-treated rats. The
mitochondria were incubated with DOC in the presence of added isocitrate and the rates

* Supported by Research Grant No. HE 06975 from the National Heart and I.ung Institute,
National Institutes of Health, Bethesda, Md.

** Present address: Endocrine Laboratory, University of Virginia Medical School, Charlottes¬
ville, Va.
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of corticosterone formation measured by fluorimetric analysis. The control adrenal mito¬
chondria had high rates of 11 |3-hydroxylation, but the adrenal mitochondria from the
androgen-treated rats showed inhibited lip-hydroxylation. These results confirmed the
observations made with adrenal homogenates.

Adrenal cytochrome levels in androgen-treated rats
Because of the known involvement of cytochrome P-450 in steroid hydroxylations

(Omura et al., 1965), measurements of this cytochrome were carried out in adrenal
mitochondria and microsomes from control and androgen-treated rats. The levels of the
respiratory chain cytochromes were also determined.

As soon as 2 weeks following the start of androgen therapy the level of cytochrome
P-450 in adrenal mitochondria was found to be less than in controls. The mean level in
controls was 2.0 nmol/mg protein while that in androgen-treated rats was always less
than 1.5 nmol/mg protein. With further treatment the level of cytochrome P-450 fell
even more, such that at 4 weeks it was usually less than 50% of that in controls. The
cytochrome' P-450 was measured both as the reduced cytochrome P-450 carbon
monoxide complex and as pyridine hemochromogen.

Associated with the fall in the level of cytochrome P-450 was an increase in the level
of cytochrome a + as. The levels of this cytochrome found in rat adrenal mitochondria
were low but following androgen treatment the levels doubled. No change was observed
in the levels of cytochromes b or c + ci.

No change was observed in adrenal microsomal cytochrome P-450 levels following
androgen treatment and the same applied to liver microsomal cytochrome P-450. When
measurements were made of drug metabolizing enzymes in the livers of androgen-treated
rats no changes in activities were observed.

Effect of ACTH on the androgen-induced changes in adrenal function
In view of the observation that androgen treatment can lead to a decrease in the blood

level of ACTH in rats (Kitay, 1963), the above experiments were repeated in rats which
were also treated with ACTH.

When rats were treated simultaneously with ACTH and MAD for 2 weeks, the ACTH
was able to prevent the fall in adrenal weight seen in rats treated with MAD alone. How¬
ever, progesterone metabolism was still inhibited such that little corticosterone and 18-
hydroxy-DOC were formed and there was accumulation of DOC in the incubation
medium. When adrenal cytochrome levels were measured, the fall in cytochrome P-450
levels in adrenal mitochondria of androgen-treated rats was again seen and this was not
reversed by simultaneous treatment with ACTH.

Effect of androgens on the DOC-induced spectral change in adrenal mitochondria
Rats were treated with MAD, MT and testosterone for 4 weeks and adrenal cortical

mitochondria isolated. The extent of the spectral change elicited by DOC was then
measured by adding increasing amounts of DOC to one cuvette and recording the dif¬
ference spectra over the range 370-500 nm.

Control adrenal mitochondria from the rat produced the same spectral change when
DOC was added as had been reported by Cooper et al. (1965) for beef adrenal mito¬
chondria. A maximum occurred at 385 nm and a minimum at 420 nm. In adrenal mito¬
chondria from MAD-treated rats the DOC-induced spectral change was less than in
controls, however, when correction was made for the lower concentration of cytochrome
P-450 present in these mitochondria, the spectral change was similar to that in controls.
Adrenal mitochondria from the MT- and testosterone-treated rats showed very small
spectral changes when DOC was added. In these cases when correction was made for the
low cytochrome P-450 levels, the optical density change (385-420 nm) was much less
than in controls.

Thus the A4-3-ketones, MT and testosterone, not only cause a lowering of the cyto¬
chrome P-450 level, they also apparently interfere with the binding of DOC. It was
possible to demonstrate the latter in vitro by adding MT and testosterone to normal
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adrenal mitochondria. If the mitochondrial suspension was divided between two cuvettes
and DOC added to one, the DOC-induced spectral change was much less than if no
androgens had been added.

Spectral changes induced by androgens in adrenal mitochondria
In order to further investigate the interaction between androgens and the adrenal

cortex, rat and beef adrenal mitochondria were prepared and spectral changes measured
after the addition of several androgens.

The androgens selected were A4-3-ketosteroids such as MT, testosterone and andro-
stenedione and the corresponding A5-3p-hydroxysteroids, MAD, A5-androstenediol and
dehydroepiandrosterone. They were added in small volumes of ethanol to mitochondrial
suspension placed in the Aminco-Chance recording spectrophotometer.

When androgens such as MT, testosterone, and androstenedione were added to both
rat and beef adrenal cortical mitochondria, typical type I spectral changes were produced
with maxima at 385 nm and minima at 420 nm. In addition there were minima at 530
and 575 nm. Testosterone produced the largest spectral change. When MAD was added
to adrenal mitochondria, a pronounced type II spectral change was seen with a minimum
at 390 nm and maxima at 425, 525, and 565 nm. This spectral change reached a maxi¬
mum about 2 minutes after addition of the MAD and there was a rapid decrease in the
spectral shift until by 15 minutes the type II spectrum was replaced by a type I spectrum.
Thus there was a change from a strong type II to a weak type I, the latter corresponding
to what was seen when MT was added to the adrenal mitochondria. When A5-androstene-
diol was added, again a type II spectral shift was seen. This also changed with time until
by 15 minutes a very pronounced type I spectral shift was seen, the latter corresponding
to the change seen when testosterone was added. Similar changes occurred when dehy¬
droepiandrosterone was added, the final type I shift corresponding to that of androstene¬
dione.

This apparent change of a A5-3|3-hydroxysteroid to a A4-3-ketone was also observed
when pregnenolone was added to the mitochondria. These changes could be prevented
by the addition of an inhibitor of A5-3|3-hydroxysteroid dehydrogenase to the mitochon¬
dria prior to the addition of the MAD, A5-androstenediol, dehydroepiandrosterone or
pregnenolone.

These Ar»-3fS-hydroxysteroids produced weak type II spectral changes when added to
adrenal microsomes.

High- and low-spin forms of cytochrome P-450 in adrenal mitochondria
The relative amounts of the high- and low-spin forms of cytochrome P-450 were

determined by observing the binding of IV-octylamine. The method used was that of
Jefcoate et al. (1970). The type a (high-spin form) combines with IV-octylamine to pro¬
duce a difference spectrum with a 427 nm maximum and a 392 nm minimum. The
type b (low-spin form) produces a difference spectrum with a 342 nm maximum and
410 minimum.

Rats were treated with MT for 6 weeks and adrenal mitochondria isolated. Control
adrenal mitochondria were also prepared. The IV-octylamine difference spectra were
determined and indicated that in both preparations the same ratio of a to A was present.
In these rat adrenal cortical mitochondrial preparations the type b predominated (the
cytochrome P-450 was in the oxidized state). Thus androgen, although causing the ex¬
pected decrease in total amount of cytochrome P-450 present, did not alter the relative
amounts of the two forms of cytochrome P-450.

Effect of testosterone treatment on blood DOC levels
Rats were treated with testosterone for 6 weeks and this led to the development of

hypertension. Plasma from these rats and from controls were analysed for DOC by a
method involving gas-liquid chromatography with electron capture detection.

The mean DOC concentration in the plasma from the control group was 125 ng/
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100 ml. Testosterone-treated rats with less severe hypertension had 850 ng of DOC/
100 ml plasma. Plasma from more severely hypertensive rats contained 1800 ng of DOC/
100 ml.

CONCLUSIONS

When rats are treated with large amounts of androgens the biosynthesis of adrenal
cortical hormones is inhibited. There is evidence for inhibition of steroid lip- and 18-
hydroxylations (Brownie and Skelton, 1968; Brownie et al., 1970) and as a result of this
there is accumulation of 11-deoxycorticosterone (DOC). That this interference with
adrenal hormone synthesis occurs in vivo is supported by the observation that when rats
are treated with MAD or testosterone the blood level of DOC increases while the corti-
costerone level falls (Hyde and Daigneault, 1968; Colby et al., 1970).

The androgen treatment apparently causes a fall in the level of cytochrome P-450 in
adrenal mitochondria at the same time as there is an increase in the level of cytochrome
a + a3 (Brownie et al., 1968, 1970; Colby and Brownie, 1971). These observations
contrast with those of Kato et al. (1969) who found that androgen treatment increased
the liver microsomal level of cytochrome P-450 in castrated male rats. No doubt the
decreased rate of steroid hydroxylation in adrenal mitochondria from androgen treated
rats is related to the fall in the cytochrome P-450 level.

More specifically the low rates of steroid hydroxylation in these mitochondria involve
binding of the androgen to site(s) on the cytochrome P-450 which also bind DOC. In this
way androgens such as MT and testosterone bind to the cytochrome P-450 and prevent
the 11 p-hydroxylation of DOC. Androgens with a A5-3(3-hydroxy structure, such as MAD
and A5-androstenediol also apparently bind to cytochrome P-450 but the spectral change
is different from that seen with A4-3-ketosteroids such as testosterone. Compounds like
MAD although not directly interfering with DOC metabolism (Skelton and Brownie,
1968) in the adrenal can apparently be converted to MT which is able to react with
cytochrome P-450 in such a way as to inhibit 11 (3-hydroxylation of DOC. Our studies
indicate that there is some A5-3[3-hydroxysteroid dehydrogenase activity in adrenal mito¬
chondria thus making it possible to form MT from MAD in the organelles containing
the 11 P-hydroxylase enzyme system.

The action of androgens appears to be directly on the adrenal cortex and is not pri¬
marily due to inhibition of ACTH secretion. Other studies have shown that androgen
interferes with adrenal protein synthesis (Morrow et al., 1967) and the present studies
suggest that androgens can affect the metabolism of proteins such as cytochrome P-450
which are involved in steroid hormone biosynthesis.
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ABSTRACT

Mitochondria have been isolated from zona fasciculata-
reticularis adrenal tissue of hypophysectomized rats following
injection of ACTH or dibutyryl cyclic AMP. It has been possible
to observe increased binding of cholesterol to a side chain
cleavage cytochrome P-450 in such mitochondria by spectro-
photometric techniques. These observations suggest an approach
to the isolation of the "labile factor" involved in the
mechanism of action of ACTH.

INTRODUCTION

The rate limiting step in corticosteroidogenesis in the

adrenal is thought to be the side chain cleavage (SCC) of

cholesterol and it is this complex reaction which is

stimulated by ACTH (1,2,3).

Recent studies (4,5,6,7) have indicated that in ACTH-treated

or stressed rats, adrenal cortical mitochondria have an increased

level of a high spin form of cholesterol SCC cytochrome P-450

and this correlates with an increased rate of SCC of endogenous

cholesterol. Treatment of rats with cycloheximide prevents

both the ACTH-stimulated increase in corticosterone (8) and
I

the increase in adrenal mitochondrial high spin cholesterol SCC
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cytochrome P-450 (6). Thus it has been postulated that ACTH

increases the synthesis of a labile protein which may be

involved in the binding of cholesterol to the SCC enzyme (5,6).

The present study describes experiments carried out to

examine the binding of cholesterol to SCC cytochrome P-450 in

adrenal mitochondria following treatment of rats with ACTH or

dibutyryl cyclic AMP (db-CAMP) .

MATERIALS AND METHODS

Female Sprague-Dawley rats (Holtzman Co., or Charles River

Labs.) weighing approximately 200 gm were used throughout. They

were singly caged and maintained at 20±1° in a room with 12 hour

light/dark cycles. The rats were hypophysectomized via the

transaural route using the Hoffman-Reiter Hypophysectomy

Instrument (H. Neuman & Co.) and used approximately 22 hours

later.

At that time rats were anesthetized with ether and given

placebo (controls), ACTH or db-CAMP by intravenous injection

into the jugular vein. Animals were killed by decapitation 15

minutes later and individual blood samples collected for the

measurement of serum corticosterone (9). Adrenal glands were

quickly exposed and enucleated iji_ situ (10) . The zona

fasciculata-reticularis tissue so obtained was pooled from

individual groups and mitochondria isolated as previously

described (7). The washed adrenal mitochondrial pellets were

suspended in small volumes of cold 0.25M sucrose and aliquots
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taken for protein assay (11) . Other aliquots were suspended in

triethanolamine buffer, pH 6.3, and these suspensions used for

the spectrophotometric analysis of cytochrome P-450 (6).

RESULTS

Adrenal mitochondria from ACTH-treated rats show an increase

in the pregnenolone-induced Type II spectral change and from EPR

studies it is known that this increase correlates well with the

increase in high spin cholesterol SCC cytochrome P-450 (6,12).

In the spectrophotometric measurement of the cholesterol-bound

SCC cytochrome P-450, adrenal mitochondria in cold buffered

sucrose are placed in an Aminco-Chance dual wavelength spectro¬

photometer with the monochromators set at 390 and 420 nm. After

equilibration to room temperature, cyanoketone and pregnenolone

are added and the Type II spectral change recorded (6,12).

When cold adrenal mitochondrial suspensions from control and

ACTH-treated hypophysetomized rats were placed in the spectro¬

photometer, it was observed that as the samples warmed towards

room temperature a Type I spectral change developed as shown in

Figure 1. It was observed that adrenal mitochondria from ACTH-

treated rats showed a greater Type I spectral change on warming

than adrenal mitochondria from control rats. This difference

was not apparent when the monochromators were set at 520 and

625 nm or at 405 and 460 nm.

In seeking an explanation for this phenomenon we considered

that progesterone or DOC might be formed during warming and
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FIGURE 1

The development of the heat-generated Type I difference spectrum
in adrenal mitochondria from hypophysectomized rats treated with
placebo (control) or with 8 units of ACTH. Mitochondria were
suspended in triethanolamine buffer, pH 6.2, and equilibrated
at 4°C. The cold suspensions were then placed in the Aminco-
Chance dual wavelength spectrophotometer and allowed to warm to
room temperature (22°C). Protein concentration was 0.4 mg
per ml.

4
that either of these A -3-ketosteroids could be binding to the

low spin form of 118-hydroxylase cytochrome P-450 of the

adrenal mitochondria, thus generating a Type I spectral change.

However, when the steroid 3g-ol dehydrogenase inhibitor,

cyanoketone, was added to the cold mitochondrial suspensions and

324



ACTH EFFECTS ON CHOLESTEROL SCC-P-450

these preparations allowed to warm, Type I spectral changes

were still observed and the mitochondria from ACTH-treated rats

still showed a greater Type I spectral change than controls. In

contrast, when the inhibitor of cholesterol SCC, aminoglutethimxde,

was added to the adrenal mitochondrial suspensions it inhibited

the development of the heat-generated (HG) Type I spectral

change.

Another possibility was that the HG Type I spectral change

was due to differences in mitochondrial swelling. Measurement

of swelling at 520 nm showed that the behavior of adrenal

mitochondria from control and ACTH-treated animals was

essentially identical when suspended in triethanolamine buffer.

We then considered that the HG Type I spectral change was

due to binding of cholesterol to SCC cytochrome P-450 during

warming to room temperature. Pregnenolone-induced Type II

spectral changes were therefore measured on cold and warmed

adrenal mitochondrial suspensions from control and ACTH-treated

rats (Table I). It can be seen that the pregnenolone-induced

Type II difference spectra of warmed adrenal mitochondrial

suspensions is almost identical to the HG Type I spectral change.

Also the pregnenolone-induced Type II spectral change is absent

in suspensions of cold adrenal mitochondria. In contrast, the

DOC-induced Type I spectral change was not affected by

temperature and was essentially unaffected by ACTH treatment.

In further studies, rats were treated with db-CAMP and

zona fasciculata-reticularis mitochondria from these animals
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TABLE I

SPECTRAL CHANGES (A A3g0_420/nmole P-450 x 103)
Group HG-Type I Type

Warm

II

Cold

Type
Warm

I

Cold

Serum

Corticosterone

Pg %

CONTROL 5.4 -5.8 0 48.9 50.9 4.5

6.6 -5.7 0 46.5 50.1 6.3

ACTH 17.9 -17.9 0 43.1 45.8 70.0
8 units 17.7 -18.2 0 44.1 45.0 72.0

HG-Type I = heat-generated Type I spectral change measured
between 4 and 22°C. Pregnenolone-induced Type II spectral
changes were measured as previously described (6) at 4 and
22°C. 11-Deoxycorticosterone(DOC)-induced Type I spectral
changes were measured after the addition of 54 pM DOC.

also showed larger HG Type I spectral changes than controls

(Figure 2). Again, the HG Type I spectral changes were similar

to the pregnenolone-induced Type II spectral changes of the

warmed mitochondrial suspensions (Table II).

Pretreatment of rats with cycloheximide inhibited the

development of the HG Type I spectral change with corresponding

effects on the pregnenolone-induced Type II spectral change

(Table III) .

DISCUSSION

These studies represent a significant advance in our

knowledge of the effect of ACTH on cholesterol SCC. We interpret

these experiments as indicating that in adrenal mitochondria

isolated from ACTH or db-CAMP treated rats we are able to observe
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FIGURE 2

The development of the heat-generated Type I difference spectrum
in adrenal mitochondria from hypophysectomized rats treated with
placebo (control) or with 7 mg db-CAMP. Conditions were the
same as in Figure 1.

the binding of cholesterol to SCC cytochrome P-4S0. This

binding of more cholesterol to SCC cytochrome P-450 results in

an increased formation of a high spin form of this enzyme.

Previous studies have consistently shown that it is the cholesterol

bound form of SCC cytochrome P-450 which is in the high spin

state (6,7,12).
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TABLE II

SPECTRAL CHANGES(AA3g0_420/nmole P-450 x 10)
Group HG-Type I Type II

Warm

Type I
Warm

Serum

Corticosterone

Ug %

CONTROL

db-CAMP
7 mg

3.4

3.9

14.0

13.0

-4.8

-6.5

-11.4

-15.4

46.5

46.8

45.5

46.5

6.0

6.3

63.0

60.0

We would speculate at this time that the association of

cholesterol with SCC cytochrome P-450, which occurs as the

mitochondrial suspension warms, may be due to the action of

some labile factor (8) which has been produced by the action

of ACTH or db-CAMP. This would suggest that a search for

TABLE III

SPECTRAL CHANGES CAA3g0_420/nmole P-450 x 10' )

Group HG-Type I Type II
Warm

Type I
Warm

Serum

Corticosterone

Pg %

ACTH 17.4

Cyclo + 8.0
ACTH

18.2

8.0

44.7

45.5

62.4

2.2

Cycloheximide(Cyclo), 10 mg, was given 10 minutes prior to the
injection of 8 units of ACTH and adrenals were obtained by in
situ enucleation 15 minutes later.
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such a cholesterol carrier should be made in this adrenal

cortical cell fraction. The existence of such a factor is

supported by recent studies in our laboratory and elsewhere

(6,13) .

On the other hand, the cholesterol carrier may simply have

transported increased amounts of cholesterol to the mitochondria

(14) and we may then be observing Arrhenius type alterations in

the kinetics of binding due to increased sterol content in the

mitochondrial membrane (15). In the latter case, the cholesterol

carrier should be identifiable in cytosol preparations of

stimulated adrenal cortical cells (16) .
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Cytochrome P-450scc of the Rat Adrenal
EFFECT OF ADRENOCORTICOTROPIC HORMONE AND CYCLOHEXIMIDE*

(Received for publication, July 7, 1976)

Douglas P. Paul,$ Samuel Gallant, Nanette R. Orme-Johnson, William H. Orme-Johnson,
and Alexander C. Brownie §

From the Departments of Biochemistry and Pathology, State University ofNew York at Buffalo,
Buffalo, New York 14207, and the Department of Biochemistry, College ofAgriculture and Life
Sciences, University of Wisconsin, Madison, Wisconsin 53706

A type I absorbance change is observed in suspensions of adrenal cortical mitochondria as the
temperature is increased from 0-22°. This "heat-generated" type I absorbance change is similar in
magnitude to the pregnenolone-induced type II absorbance change of these mitochondria. Studies
with inhibitors of cholesterol side chain cleavage indicate that the heat-generated type I absorbance
change represents the specific interaction of cytochrome P-450scc with endogenous cholesterol in the
mitochondria. This finding is confirmed by low temperature EPR spectroscopy on temperature-
equilibrated, quick frozen adrenal mitochondrial samples. The EPR resonance at g = 8.2, which is
that of the high spin cholesterol-bound cytochrome P-450scc, is absent in the samples incubated at 0°
and increases in magnitude with increasing temperature of incubation. Studies of the pH dependence
of the heat-generated type I and pregnenolone-induced type II absorbance changes reveal that both
are diminished by increasing pH over the range 6 to 8. Adrenocorticotropic hormone (ACTH)
treatment of rats results in adrenal mitochondria which show a greatly increased heat-generated
type I absorbance change. The latter correlates with an increased pregnenolone-induced type II
absorbance change and increased EPR g = 8.2 signal. Prior treatment of animals with cyclohexi-
mide eliminated the ACTH-induced increase in the heat-generated type I absorbance change, the
pregnenolone-induced type II absorbance change and the EPR g = 8.2 signal. We estimate that the
hydrophobic bonding of cholesterol to cytochrome P-450scc occurs with a AH0' of approximately +15
kcal/mol and a AS0' of approximately +55 cal/mol deg. Our data support the concept of a labile
protein which participates directly in this process.

Adrenal mitochondria and smooth endoplasmic reticulum
are known to contain a number of P-450 cytochromes which
function in oxygen activation for the hydroxylation of steroids
(1-5). Mitochondrial cytochrome P-450scc is of particular inter¬
est because it catalyzes the rate-limiting step in corticoster-
oidogenesis, which is the major point at which ACTH1 exerts
control of flux through the steroidogenic pathways (6-8). Fea¬
tures in the EPR and visible absorption spectra which are
characteristic of P-450 cytochromes have been utilized to dem¬

* This research was supported by Grants HL 06975 and AM 18141
to A.C.B., and GM 17970 to W.H.O.-J. from the United States Public
Health Service.

t This work is part of a thesis submitted in partial fulfillment of
the requirements for the degree of Doctor of Philosophy to the State
University of New York at Buffalo.

§ To whom all reprint requests should be addressed.
1 The abbreviations used are: ACTH, adrenocorticotropic hor¬

mone; PII, pregnenolone-induced type II absorbance change; DOCI,
11-deoxycorticosterone-induced type I absorbance change; HGI,
heat-generated type I absorbance change; CYCLO, cycloheximide-
treated rats; CTA, 2<x-4,4,17a:-trimethyl-androst-5-ene-17/3-3-one.

onstrate the high specificity of the interactions of these cyto¬
chromes with steroids (5, 9-13). In general when a steroid is
added to adrenal mitochondria and a type I absorbance change
obtained, there is also an increased signal magnitude in the
region of the EPR spectrum around g = 8, where resonances of
high spin heme occur. These two spectral changes reflect the
specific binding of the steroid to a cytochrome P-450 in the
mitochondria (10, 13-15). Other compounds, which when
added to adrenal mitochondria displace bound substrates,
bring about a type II absorbance change. A similar type II
absorbance change is found when Krebs cycle intermediates
are added leading to metabolism of bound substrates. This
may also occur when lipophilic amines are added which inter¬
act directly with the heme center of the cytochrome. The type
II absorbance changes are associated with decreased signal in
the high spin (g = 8) region of the EPR spectrum (14).

Spin state alterations in cytochrome P-450scc have been ex¬

tensively investigated by EPR and optical difference spectros¬
copies (14, 16, 17). In rat adrenal mitochondria, the EPR signal
of the high spin cytochrome P-450scc is located atg = 8.2 and is
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distinguishable from that of the high spin cytochrome P-450nfl
which is located at g = 7.9.2 The magnitude of the g = 8.2
signal in adrenal mitochondria was found to be increased
following exposure of rats to ACTH in vivo and this correlated
with an increase in the pregnenolone-induced absorbance
change and in the activity of cholesterol side chain cleavage in
these mitochondria (14-17, 18). Bell et al. (19) have also re¬

ported an increase in the cholesterol-bound form of cytochrome
P-450scc in adrenal mitochondria following ACTH treatment of
rats. Prior treatment with cycloheximide prevented the
changes in cytochrome P-450scc brought about by ACTH (17).
Previous studies by Ferguson (20) and Garren et al. (21) have
shown that inhibitors of protein synthesis inhibit ACTH ac¬
tion of corticosteroidogenesis; thus a labile protein has been
postulated to be required for stimulation of steroid production
(21). The possible role of this labile protein in the regulation of
intramitochondrial cholesterol pools has been discussed (14—
16).

Preliminary experiments from this laboratory have indi¬
cated that there is a type I absorbance change as adrenal
mitochondria warm from 0-22° (22). The present studies were
undertaken to investigate the nature of the temperature de¬
pendence of the cholesterol-cytochrome P-450scc interaction,
especially as this might apply to investigations of the mecha¬
nism of action of ACTH on steroidogenesis.

EXPERIMENTAL PROCEDURES

Female Sprague-Dawley rats (Holtzman Co. or Charles River
Laboratories) weighing approximately 250 g were used throughout.
Rats were singly caged and maintained on Purina Lab Chow ad
libitum. All rats were hypophysectomized through the ear using the
Hoffman-Reiter hypophysectomy instrument. Experiments were
carried out 22 to 24 h post-hypophysectomy. Control animals re¬
ceived 0.1 ml of placebo injected into the jugular vein 15 min prior to
killing. ACTH-treated groups received 8 units of ACTH (0.1 ml) by
the same route, also 15 min prior to killing. Some groups (CYCLO)
received 10 mg of cycloheximide by intraperitoneal injection followed
5 min later by intravenous ACTH. These rats were killed 15 min
following the ACTH injection. Rats were killed by decapitation and
blood collected from the neck for corticosterone assay (23). Adrenal
glands were quickly exposed and rapidly enucleated in situ (24). This
method of adrenal cortex collection yields zona fasciculata-reticu-
laris tissue essentially free from zona glomerulosa.

Adrenal tissue was pooled by group in cold 0.25 m sucrose and
homogenized by three passes of a Potter-Elvehjem type homogenizer.
Mitochondria were isolated by differential centrifugation as previ¬
ously described (17). The washed mitochondrial pellet was resus-
pended in a small volume of cold, buffered sucrose (pH 6). Aliquots of
this concentrated preparation were taken for protein assay by the
method of Lowry et al. (25). The remaining mitochondria were either
placed directly into matched EPR tubes or diluted with triethanola-
mine buffer, pH 6, for optical studies.

The pregnenolone-induced type II absorbance change (PII) and the
11-deoxycorticosterone-induced type I absorbance change (DOCI)
were determined at 22° unless otherwise specified and under aerobic
conditions as previously described (17). Cytochrome P-450 concentra¬
tion was determined by the method of Omura and Sato (26). Absorb¬
ance changes were observed in the Aminco-Chance Dual Wave¬
length/Split Beam Spectrophotometer. The heat-generated type I
absorbance change (HGI) was measured by taking the mitochondrial
samples which were equilibrated at 0° and allowing them to warm up
in the thermostated cuvette holder to 22° with the monochromators
set at 390 nm and 420 nm. EPR samples were prepared in triethanol-
amine buffer (approximately 25 mm, final concentration) at pH 6.0
and incubated for 20 min at the desired temperature. Rapid freezing
was accomplished by rapid submersion in stirred 2-methylbutane at
about -140°. The contents of EPR tubes freeze in 1 to 2 s during this
treatment. Samples were then stored in liquid nitrogen.

EPR spectra were obtained at 9.2 GHz microwave frequency with
a Varian E-9 spectrometer fitted for low temperature operation (27).

2 W. H. Orme-Johnson, C. R. Jefcoate, H. Beinert, and A. C.
Brownie, manuscript in preparation.

The conditions for EPR spectroscopy are given in the figure legends.
Quantitative determinations of the number of unpaired spins repre¬
sented by a signal were carried out by the method of Aase and
Vanng&rd (28) using cytochrome P-450cam complexed to camphor as a
standard. The position of the resonance maxima and minima in the
figures are expressed in the frequency independentg value scale.

Aminoglutethimide was a gift from Ciba-Geigy Corp. 2a-4,4,17a-
Trimethyl-androst-5-ene-17/3-3-one (CTA) was a gift from the Up¬
john Co. Pregnenolone and deoxycorticosterone were purchased from
Steraloids, Inc., and triethanolamine was purchased from the Sigma
Chemical Co.

RESULTS

A suspension of adrenal mitochondria from ACTH-stimu-
lated rats was prepared in triethanolamine buffer, pH 6, and
placed in matched cuvettes. The sample cuvette was equili¬
brated for 20 min at 22° while the reference cuvette was

maintained at 0°. The difference spectrum was obtained using
the Aminco-Chance spectrophotometer operating in the split
beam mode. A baseline scan was obtained after both the
reference and the sample cuvette had been equilibrated to 22°.
Subtraction of the 22° baseline from the 22° - 0° difference
spectrum yielded the type I absorbance spectrum shown in
Fig. 1. The spectral maximum was 386 nm and the minimum
was at 418 nm.

Heat-generated and Steroid-induced Absorbance
Changes — Fig. 2a illustrates a typical recording in the dual
wavelength mode (420 - 390 nm) as the temperature of the

0.02

0.02

380 400 420 440

WAVELENGTH (nm)
Fig. 1. The 22° - 0° difference spectrum of mitochondrial suspen¬

sions from ACTH-treated animals. The total cytochrome P-450 con¬
centration is 1.91 p.m.
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Fig. 2. Absorbance changes observed in adrenal mitochondrial
suspensions from ACTH-treated animals. The spectrophotometer
was operating in the dual wavelength mode (420 — 390 nm). a, the
HGI from 0 to 22° and the PII in the same sample, b, the absorbance
changes observed in an identical mitochondrial sample where the
temperature was maintained at 0°. Absorbance changes are cor¬
rected for a total cytochrome P-450 concentration of 0.9 /xm in trieth¬
anolamine buffer, pH 6.0. PREG, pregnenolone.

temperature °C
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Table II

Comparison of absorbance and EPR spectral changes in adrenal mitochondria from placebo and ACTH-treated rats
The P-450 concentration was 54.4 pM and the pH was 6.0.

Group
Heat-generated type I
absorbance change"

Pregnenolone-induced
type II absorbance

change"
pM g = 8.2 EPR signal/

pM P-450
Deoxycorticosterone-
induced type I absorb¬

ance change"
pM g = 7.9 EPR signal/

/xm P-450

0° 22° 0° 22° 0° 22° 0° 22° 0° 22°

ACTH
Placebo

26.8
5.8

31.2
4.8

~0 0.076
-0 0.015

52.6
53.8

53.5
54.6

0.067 0.064
0.021 0.009

a Absorbance changes are AA390J|2o/mM P-450.

chondria incubated at the indicated temperatures between 0 and 36°
in triethanolamine buffer, pH 6.0. The adrenal mitochondria were
prepared from ether-stressed animals. The instrument gain was
identical in all spectra. The total cytochrome P-450 concentration of
all samples was 60.3 pM. The conditions of EPR spectroscopy were as
in Fig. 4.

Table III

Dependence of EPR signals arising from high spin hemes on
incubation temperature of rat adrenal mitochondria

pmol spins (EPR)/^mol P-450®
Temperature"

g = 8.2 g = 7.9

0° 0 0.071
7 0.010 0.061

14 0.034 0.059

20 0.046 0.054
36 0.116 0.054

° Samples at this indicated temperature were rapidly (<2 s) frozen
by immersion in a vigorously stirred bath of isopentane at 130 K.

6 The balance of the spins are accounted for by signals from low
spin cytochromes as explained in the text.

reactants, but the conclusions, i.e. that the equilibrium con¬
stant is near unity and that the binding is accompanied by a
large increase in both enthalpy and entropy are relatively
insensitive to the assumptions. Griffin and Peterson (29),
examining the analogous binding of camphor to P-450cam>

Table IV

Equilibrium constant data for P-450,cc + cholesterol
P-450,cc ■ cholesterol

Tempera¬
ture Keq" AG" AH"b AS°'C

M"1 kcallmol callmol deg
7° 0.38 +0.53 15 52

14 1.34 -0.16 15 53
20 1.89 -0.37 15 52

36 5.68 -1.05 15 52

a Assuming that the concentration of the P-450scc • cholesterol com¬

plex is 0 at 0°. The actual value is less than 0.5% of the total P-450
concentration, as detected by EPR at g = 8.2.

" Calculated from a straight line fit to the data, on a plot of AG"'/T
versus 1/T.

c Inclusion of the erratic term (connection to unit mol fraction
standard state) would raise these by 8 kcal/mol deg.
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Fig. 7. The pH dependence of the HGI and PII. The data were
normalized such that the HGI at pH 6.0 was considered to be 100% of
the achievable absorbance change. Squares represent the normal¬
ized HGI. Circles represent the normalized PII.

concluded there was a hydrophobic interaction driving that
reaction, as is reasonable on consideration of the character of
camphor. However, in our case the vanishingly low solubility
of cholesterol in water makes it unlikely that the structural
properties of water underlie the entropy-driven nature of
cholesterol binding to P-450scc. Rather, it is likely that when
cholesterol leaves the phospholipid phase to bind to the pro¬
tein, the restrictions in the motions of the acyl chains of the
phospholipids are removed, leading to at least part of the
observed large increase in entropy. One may also speculate
that the binding of cholesterol to P-450scc is accompanied by a
net breaking of several hydrogen bonds, leading to the large
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positive enthalpy change. It is thought (30) that cholesterol
in mixed cholesterol-phospholipid micelles restricts the mo¬
tions of the phospholipid side chains. In addition to this,
there may be contributions to the entropy change from the
interaction of the steroid with the protein. The above sugges¬
tions as to the origins of the observed entropy and enthalpy
changes are thus only qualitative. It is unlikely that the
temperature effects reported here are in any way related to
the observed influence of temperature of isolation on the
response of adrenal cortical tissue to ACTH added in vitro
(31).

The pH studies demonstrate a high degree of parallelism
between the heat-generated type I and pregnenolone-iriduced
type II absorbance change. The only adrenal cytochrome P-
450 reported to have a large pH dependence is the P-450scc
(14, 32, 33). These studies thus point again to P-450sce as the
enzyme involved. These experiments further demonstrate
that pregnenolone displacement of endogenous cholesterol
from the P-450scc is not the phenomenon which is pH sensi¬
tive, rather it is the ability of the P-450scc to form the high
spin complex which is altered.

Throughout these studies the PII and the HGI were found
to be nearly identical in magnitude. This indicates that the
displacement of cholesterol by pregnenolone is nearly quan¬
titative and is consistent with the interpretation that these
two optical phenomena arise from interactions on the same

enzyme. Further verification of this interpretation of the
optical data is provided by the EPR data which show that the
g = 8.2 resonance, which has been identified as belonging to
P-450scc, is the one which increases with increasing incuba¬
tion temperature and is diminished by the addition of preg¬
nenolone at high temperature.

In these studies mitochondria from ACTH-treated groups
demonstrated HGI and PII which were 4 to 5 times larger
than the same changes obtained in either cycloheximide-
treated or control groups. This difference between groups is
larger than previously reported (15-17). This is probably due
to incomplete equilibration of the P-450scc with cholesterol in
earlier studies.

The present studies confirm the previous findings that
ACTH increases the high spin form of P-450scc and that this
increase is prevented by cycloheximide (15, 17, 34). The
finding that the HGI is reversible through several cycles of
warming and cooling adds new dimensions to these well
established findings. The increased high spin P-450scc can no

longer be considered to be cytochrome P-450scc which is
"caught" in the bound form at the time of homogenization. At
the temperature of homogenization (0-3°) little, if any, bind¬
ing of cholesterol can occur. Thus the binding of cholesterol
to the P-450scc observed upon warming is determined by some
other factor. If the postulated labile protein (21) is in fact the
effector of this increased binding, as is supported by evidence
to date, our data support the hypothesis that this effector
might still be present in the mitochondria after isolation.
The heat-generated type I absorbance change may thus be a
demonstration of the labile protein in action. Our data also
support the hypothesis that the labile protein may partici¬
pate directly in the cytochrome P-450scc:cholesterol binding
process. These speculations about the labile protein should
be tempered by the fact that so far no one has isolated or

partially purified such a factor. Some evidence for activity
corresponding to this factor has been reported by Farese (35).

Cycloheximide is ineffective in preventing ACTH activa¬
tion of cholesterol ester hydrolase (21, 36). When rats are

treated with cycloheximide and then ACTH, there is there¬
fore an increase in free, unesterified cholesterol in the adre¬
nal cortical lipid droplets (37). Garren et al. (37) and Simpson
et al. (34) have reported little change in free or total choles¬
terol in adrenal cortical mitochondria after these treatments,
whereas Mahaffee et al. (38) have reported a large increase in
free cholesterol. The role of the labile protein in cholesterol
transport into the mitochondria is thus still a matter of
debate. However, it is clear that mitochondrial free choles¬
terol in the cycloheximide plus ACTH-treated animals is not
less than that found in the animals treated with ACTH
alone. Adequate cholesterol is thus present in these mito¬
chondria and in confirmation of the report from Mahaffee et
al. (38) preliminary studies from our laboratory3 have dem¬
onstrated increased levels of free cholesterol in adrenal mito¬
chondria from cycloheximide plus ACTH-treated groups.
Also confirmed was the finding that despite increased choles¬
terol levels in these mitochondria, the production of pregnen¬
olone is inhibited. These findings are compatible with the
concept that the ACTH stimulated factor regulates the bind¬
ing of cholesterol to the side chain cleavage cytochrome P-450
and not the transport of cholesterol into the mitochondria.
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Introduction

The ability to separate the 11 /3-hydroxylase and cholesterol side chain
cleavage forms of cytochrome P450 from adrenal cortical mitochondria,1 led
to the development of techniques for the measurement of cholesterol associa¬
tion with the cytochrome P450sce.2"4 Furthermore, it was shown that when
rats were stressed or treated with ACTH there was an increased association of
cholesterol with cytochrome P450SOC, and this was correlated with an increased
rate of cholesterol side chain cleavage to yield pregnenolone from endogenous
cholesterol.3-0 The increased formation of the cholesterol-cytochrome P450sot.
complex in adrenals from rats treated with ACTH was prevented if the rats
were pretreated with an inhibitor of protein synthesis, cycloheximide.3- 4

The above observations led to the hypothesis that the "labile factor" of Gar-
ren et al.7 has a role to play in increasing the association of cholesterol with
cytochrome P450scc and that the latter is an important part of the action of
ACTH on corticosteroidogenesis in the adrenal.

The experiments described in this paper were designed to extend these ob¬
servations to include a recent finding8 that cholesterol binding to cytochrome
P450scc in intact rat adrenal mitochondria was temperature-dependent. In addi¬
tion, preliminary studies are described of the control of corticosteroidogenesis
in a Cortisol secretor, the guinea pig.

Materials and Methods

Animals used were 200-gram female Sprague-Dawley rats obtained from
the Holtzman Co. or Charles River Laboratories and 350-gram female, white,
short-haired guinea pigs of the Bosch strain.

Adrenal mitochondria were prepared by differential centrifugation from
whole guinea pig adrenals and from zona fasciculata-reticularis tissue of rat
adrenals.

* This work was supported by United State Public Health Service Grants HL06975
and AM18141 to A. C. Brownie and GM17970 to W. H. Orme-Johnson.
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HEAT GENERATED PREGNENOLONE
TYPE I INDUCED

HYPOX HYPOX HYPOX HYPOX
+ +

ACTH ACTH

HYPOX
+

ACTH

Figure 2. Effect of ACTH
on spectral change. A com¬
parison of the HGI, Pit and
DOCf absorbance changes in
rat adrenal mitochondria
isolated from hypophysecto-
mized rats treated with either
placebo (hypox) or ACTH
(hypox + ACTH).

Do Protein Synthesis Inhibitors Affect Cholesterol Binding
to Cytochrome P450scc?

Hypophysectomized rats were treated with placebo, ACTH, or cyclohexi-
mide plus ACTH and adrenal tissue obtained 15 minutes later. It had been
shown previously that the pretreatment with cycloheximide prevented the
ACTH-induced increase in the rate of cholesterol side chain cleavage in adrenal
mitochondria as well as preventing the increase in PII and the increase in the
g = 8.2 high spin signal.2-5 As shown in Figure 3, there was a corresponding
decrease in the HGI indicating the lower binding of cholesterol to cytochrome
P450scc produced by cycloheximide pretreatment. Free cholesterol was meas¬
ured in these adrenal mitochondrial preparations, and in confirmation of the
studies of Mahafee et al-15 it was shown that by 60 minutes after cycloheximide
plus ACTH treatment, the cholesterol level had approximately doubled.

Thus the decrease in cholesterol binding to cytochrome P450scc and the
lower activity of the cholesterol side chain cleavage system is apparently not

Figure 3. Heat-generated
spectral change (0-22°C). The
effect of cycloheximide and
ACTH on the HGI absorbance
change in rat adrenal mitochon¬
dria isolated from hypophysec¬
tomized animals.
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due to a decreased rate of transport of cholesterol into the adrenal mitochon¬
dria. The "labile factor" of Garren apparently participates directly in the asso¬
ciation of cholesterol with cytochrome P450scc, probably after phosphorylation,
as suggested by S. Koritz at this conference.

Is ACTH Affecting a Particular Population of Adrenal Cortex Mitochondria?

At the 1975 meeting of the Endocrine Society, Mahaffee and co-workers
suggested that ACTH action was concentrated on a population of mitochondria
that was characterized by low density and high cholesterol concentration. In
order to test this hypothesis we hypophysectomized rats and the next day treated
half with placebo and half with ACTH. Fifteen minutes after treatment, rats
were decapitated and zona fasciculata-reticularis tissue obtained rapidly and
pooled by group. After removal of nuclei, red blood cells and unbroken cells
by a ten minute spin at 800 Xg, the supernatant was centrifuged for ten min¬
utes at 4000 X g to obtain the "heavy" mitochondrial fraction. The supernatant
from this spin was recentrifuged for ten minutes at 15,000Xg to obtain the
"light" mitochondrial fractions.

Cholesterol side chain cleavage activity and steroid-induced absorbance
changes were measured in the two mitochondrial fractions. It can be seen from
Figure 4 that the activity of cholesterol side chain cleavage was much greater
in the "heavy" adrenal mitochondria from ACTH-treated rats when compared
to the appropriate control. In fact, the percentage increase in activity was as
great as in the "light" adrenal mitochondrial fraction (Figure 5). Similarly,
the increase in PII absorbance change induced ACTH treatment was just as
evident, on a percentage basis in the "heavy" mitochondria as in the "light"
mitochondria (Figure 6). The data would indicate that the "light" adrenal
mitochondria had slightly higher activity of cholesterol side chain cleavage than
"heavy" adrenal mitochondria, and that more cholesterol was bound to cyto¬
chrome P450scc. The latter was confirmed by EPR spectroscopy where the g =

Figure 4. Cholesterol side
chain cleavage activity in
"heavy" rat adrenal mitochon¬
dria isolated from hypophysec¬
tomized animals treated with
either ACTH (A) or placebo
(C).

o

4 6

TIME (MINUTES)
8 10
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7 -

Figure 5. Cholesterol side
chain cleavage activity in "light"
rat adrenal mitochondria iso¬
lated from hypophysectomized
animals treated with either
ACTH (A) or placebo (C).

8.2 signal was greater in the "light" adrenal mitochondria. However, these
experiments demonstrate that there is apparently no special population of
adrenal cortex mitochondria responding to the effects of ACTH.

Is There Competition Between Cholesterol Side Chain Cleavage
and 11/3-18 Hydroxylases?

In recent studies we have measured the activity of cholesterol side chain
cleavage as well as 11/3 and 18 hydroxylases in the same adrenal mitochondrial
preparations. In a large number of experiments we have observed that if these

HEAVY LIGHT HEAVY LIGHT

Figure 6. Pregnenolone-induced
type II absorbance changes of "heavy"
and "light" adrenal mitochondria iso¬
lated from hypophysectomized rats
treated with placebo (open) or ACTH
(cross-hatched).

-i 1 r~

4 6 8

TIME (MINUTES)
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assays are done in adrenal mitochondria isolated from quiescently killed and
stressed rats, the rates of 11/3 and 18-hydroxylase activity are significantly
lower in the "stressed" mitochondria at the same time as the activity for choles¬
terol side chain cleavage is greatly increased. A typical experiment is seen in
Table 1 where the increase in cholesterol metabolism with "stressed" mito¬
chondria is indicated by the increase in the PII absorbance change. As can be
seen, the activity of 11/3 and 18-hydroxylases is appreciably reduced in the
adrenal mitochondria from stressed rats, whereas 21-hydroxylase activity in the
microsomes is unaltered. These consistent observations have led to the hypoth¬
esis that in isolated mitochondria cholesterol side chain cleavage, 11/3 hydrox¬
ylase and 18-hydroxylase compete for reducing equivalents (NADPH) as
shown in Figure 7. Evidence for such competition for reducing equivalents
has been obtained by measuring reducing power in these mitochondria, with
and without added DOC.

Table 1
Rat Adrenal Steroid Biosynthesis under Conditions

of Quiescence and Stress

Quiescent Stressed
nmol/min/mg protein

11/3-Hydroxylase 15 10.5
18-Hydroxylase 10 5

21-Hydroxylase 2.7 2.9

iA390-420/nmol P450X 103
PII Spectral change 9 19.5

However, in adrenal preparations consisting of mitochondria, microsomes
and cytosol, the usual finding is that the rates of 18 and 11/3-hydroxylase are
not appreciably lower in stressed rats compared to quiescent rats. This is con¬
firmed by the peripheral plasma corticosteroid data shown in Table 2, where it
can be seen that there is no disproportionate increase in DOC levels in stressed
animals. These data can be interpreted as indicating that the competition for
NADPH is not significant in normal adrenals and furthermore, that ACTH is
in some way bringing this about, possibly by ensuring the provision of reducing
equivalents in the form of an activated malate shuttle. We also want to sug-

CHOLESTEROL CORTICOSTERONE

j^4DPv|
PREGNENOLONE

I
I
I

Figure 7. Competition for
reducing elements: steroid hy¬
droxylase systems of the adrenal
cortex.
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Table 2
Serum Corticosteroid Levels under Conditions

of Quiescence and Stress

Quiescent Stressed

,ug/100 ml

Corticosterone 6 46
18-OH-DOC 1.5 13
DOC 0.2 2

gest that the competition for NADPH, which we can demonstrate in isolated
adrenal mitochondria, may be significant in certain disorders of adrenal cortex
function.

Studies of Adrenal Cortical Function in a Cortisol Secretor

Adrenal cortical function in the guinea pig is of particular interest in that,
among the small laboratory animals, its secretions most closely resemble humans,
with Cortisol being the major glucocorticoid.16

In our initial experiments we examined the effects of stress on the cyto¬
chrome P450 systems of guinea pig adrenal cortical mitochondria. Immediately
we found differences between the guinea pig and the rat. The PII absorbance
change of guinea pig adrenal mitochondria was greater than the DOCI or 11 -

deoxycortisol-induced type I absorbance change even in quiescent animals.
This is the converse of results from rat adrenal cortex mitochondria as shown
in Figure 1. Ether stress brought about a large increase in serum Cortisol in
guinea pigs, but it did not produce a major change in the PII absorbance change
of adrenal mitochondria nor in the rate of cholesterol side chain cleavage. It
appears that the cytochrome P450scc is saturated with cholesterol in guinea pig
adrenal mitochondria even in the quiescent state.

In the next experiment we examined the effects of the protein synthesis in¬
hibitor, cycloheximide, on the PII absorbance change and cholesterol side chain
cleavage activity of guinea pig adrenal mitochondria as well as on serum Corti¬
sol (Figure 8). As with the rat, cycloheximide treatment did reduce the activ¬
ity of cholesterol side chain cleavage and had a similar effect on the PII
absorbance change. This was accompanied by a fall in serum Cortisol, although
the percentage drop was less than found in the rat.

In view of the technical difficulties encountered in hypophysectomizing
guinea pigs, chemical hypophysectomy was attempted with dexamethasone. In
this way we hoped to be able to achieve low levels of adrenal cortical activity
in the guinea pig and compare this with stressed or ACTH-treated animals. In
Figure 9 we show the results of a comparative study with rats and guinea pigs
using 0.2 mg dexamethasone i.p., for each 200 g rat and 0.5 mg dexamethasone
i.p., for each 350 g guinea pig. The dexamethasone was administered approxi¬
mately 18 hours before killing the animals. In the case of the rats, there was
the usual dramatic drop in serum corticosterone (B) levels associated with a
much lower activity of cholesterol side chain cleavage and a corresponding
drop in cholesterol association with cytochrome P450scc. In contrast, there was
no evidence of reduced adrenal cortical activity in the guinea pigs treated with
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Figure 8. Effect of cycloheximide treatment on adrenal cortical activity and serum
Cortisol levels in guinea pigs. Cycloheximide (20 mg) was given by intraperitoneal
injection 15 minutes prior to sacrifice.
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Figure 9. Comparison of the effects of dexamethasone treatment on adrenal corti¬
cal activity and serum glucocorticoid levels in rats and guinea pigs. Dexamethasone
was given 18 hours prior to stress and killing.
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dexamethasone and the serum Cortisol was significantly higher. In a second
dexamethasone suppression experiment, 2 mg of this potent glucocorticoid was
given to guinea pigs by intravenous injection 18 hours prior to sacrifice (Fig¬
ure 10). Again the serum Cortisol was higher in dexamethasone-treated ani¬
mals and there was a corresponding increase in the activity of cholesterol side
chain cleavage. As much as 4 mg of dexamethasone was then given to guinea
pigs, 18 hours before they were killed (Figure 11). This enormous dose of
dexamethasone did produce a slight lowering of the activity of cholesterol side
chain cleavage and serum Cortisol, but it is important to observe that there was
no measurable alteration in cholesterol association with cytochrome P450acc as
measured by the PII absorbance change.

It is only very recently that we have been able to observe appreciable sup¬
pression of Cortisol secretion in the guinea pig using dexamethasone. As can
be seen in Figure 12, the suppression was seen by monitoring serum Cortisol at
hourly intervals after injection of dexamethasone. There was no consistent
alteration in cholesterol binding to cytochrome P450scc associated with this fall
in serum Cortisol.

The guinea pig is obviously an interesting model for study of adrenal corti¬
cal function. The high basal serum Cortisol levels suggests that there is a cor¬
respondingly high basal level of ACTH in the blood. Also, there is resistance
to suppression with dexamethasone. Part of the latter may be due to an in¬
creased rate of catabolism of dexamethasone in the guinea pig compared to
other species. Another factor may be altered binding of dexamethasone to
receptors in the pituitary and brain. In a recent study,17 the incorporation of
labeled dexamethasone into cell nuclei of the pituitary and brain was measured
in adrenalectomized guinea pigs. The label was not concentrated in the pitui¬
tary, as in the rat,18 but rather in the hypothalamus.

Our latest studies with the guinea pig indicate that so far we do not have a
clear demonstration of an effect of ACTH on the cytochrome P450 systems of

nmoles/mg protein/2 min.

SERUM CORTISOL 50

/IG I

STRESS STRESS AFTER
CONTROL DEXAMETHASONE

Figure 10. Effect of dexamethasone treatment on adrenal cortical function and
serum Cortisol levels in guinea pigs. Two mg of dexamethasone were given by intra¬
venous injection 18 hours prior to stress and killing.
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Figure 11. Effect of dexamethasone treatment on adrenal cortical function and
serum Cortisol levels in guinea pigs. Four mg of dexamethasone were given intra-
peritoneally 18 hours before stress and killing.

HOURS AFTER 2nd DEXAMETHASONE l.P. OR PLACEBO
Figure 12. Effect of dexamethasone treatment on the serum Cortisol levels of

guinea pigs. Control guinea pigs received an i.p. injection of placebo; dexamethasone-
treated guinea pigs received 2 mg i.p. Animals were decapitated and blood collected
from the neck for Cortisol assays.
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adrenal mitochondria. We feel that the kinetics of cholesterol binding to bind¬
ing to cytochrome P450scc may have to be examined; but, in addition, we will
evaluate other possible actions of ACTH, such as activation of cholesterol
hydrolase, generation of NADPH, effects on ascorbate metabolism, etc. These
studies are important because we are dealing with a Cortisol secretor.
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The Cholesterol Side Chain Cleavage System of the Rat
Adrenal Cortex and Its Relationship to the Circadian
Rhythm*
ALEXANDER C. BROWNIE, ROBERT E. KRAMER, AND SAMUEL GALLANT
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York 14214

ABSTRACT. The adrenal mitochondrial cytochrome P450 sys¬
tems were examined at the low and high points of the circadian
rhythm in female rats maintained on a light cycle from 0600-
1800 h. The rate of association of cholesterol with the cholesterol
side chain cleavage form of cytochrome P450 (P450acc) was
measured by light absorption spectrometry. Cholesterol binding
to P450scc was as high in rats killed at the beginning of the dark
period as it was in stressed rats at the beginning of the light

period. Stressing rats at the beginning of the dark period did not
result in a further increase in the rate of cholesterol association
with P450scc despite a further increase in serum corticosterone
levels. This suggests that other reactions of cholesterol metab¬
olism in the adrenal cortex are contributing in a significant way
to the increased rate of corticosteroidogenesis seen in stressed
animals. (Endocrinology 104: 1266, 1979)

THE CIRCADIAN variation in adrenal cortical ac¬tivity in the rat is expressed as higher activity at or
just after dark and significantly lower activity at the
beginning of the light period (1). For rats on a light cycle
from 0600-1800 h, the evening plasma levels of corticos¬
terone are 8-10 times greater than those seen at 0600 h
(2).

Studies from our laboratory and others (3-5) have
provided evidence that one critical action of ACTH on
adrenal cortical function in the rat is to facilitate the
association of cholesterol with the side chain cleavage
form of cytochrome P450 (P450scc), leading to increased
pregnenolone formation from cholesterol. In this study,
we have examined certain parameters of adrenal cortical
function at the low and high points of the circadian
rhythm in an attempt to define the contribution of
changes in cholesterol binding to P450SCc to that rhythm.

Materials and Methods

Female Sprague-Dawley rats, 170-200 g BW (Holtzman Co.,
Madison, WI), were used throughout. They were singly caged
in three animal rooms with controlled temperature (22 + 1 C)
and controlled lighting (fluorescent illumination from 0600-
1800 h). All rats were handled either at 0830 or 1630 h for 5
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days before each experiment to condition the animals to animal
quarter entry, cage opening, and removal from cage.

On the morning of each experiment, there was no unusual
environmental noise allowed in the animal quarters. At 0600 h,
four persons entered each room in turn, each person removing
a rat (previously handled at 0830 h) which was then taken into
the outside corridor and decapitated, with blood being collected
from the trunk. Thus, a total of 12 rats could be killed quies¬
cently at any one time. The maximum time between entry into
an animal holding room and killing of a rat was 12 sec. Adrenals
were exposed rapidly after decapitation, and zona fasciculata-
reticularis tissue were obtained by adrenal enucleation in situ.
This technique greatly facilitates the collection of fresh tissue,
as it obviates the time taken to trim away adhering fat. In
addition, it yields that adrenal cortical tissue which is most
responsive to the action of ACTH. The adrenal tissue from the
quiescently killed rats were then homogenized in cold buffered
250 mM sucrose and adrenal mitochondria obtained by differ¬
ential centrifugation (6). Immediately after the completion of
the quiescent kill, another group of 12 rats was stressed by a
sham ip injection with a 1.5 in. 22-gauge needle. Fifteen minutes
later, blood samples and adrenal tissue were obtained, as above,
and adrenal mitochondria were isolated from the pooled adrenal
tissue. This procedure was repeated at 1800 h for other groups
of quiescently and stressed killed rats (previously handled at
1650 h).

In an experiment in which the protein synthesis inhibitor
cycloheximide was administered at the high point of the circa¬
dian rhythm, 10 mg drug in 0.9% saline were injected ip into
each of a group of 12 rats which were killed 15 min later.

Individual blood samples were kept on ice until centrifuga¬
tion and separation of serum. Serum corticosterone was meas-
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ured after methylene chloride extraction by a direct RIA pro¬
cedure (7). Cholesterol side chain cleavage activity was meas¬
ured by incubating adrenal mitochondria in the presence of
cyanoketone, an inhibitor of steroid 3/?,ol-dehydrogenase and a
source of reducing equivalents (4). The pregnenolone formed
from endogenous cholesterol was measured by RIA according
to the method of Bergon et al. (8).

The cytochrome P450 systems of the adrenal cortical mito¬
chondria, consisting of P450scc and P450n/i (9-11), were exam¬
ined by light absorption spectrophotometry. The extent of
cholesterol association with P450scc was determined by the
heat-generated type I absorbance change (HGI) which develops
as the mitochondria are allowed to warm from 1 to 37 C (6).
Another measure of cholesterol association with P450scc was the
pregnenolone-induced type II absorbance change (PII) which
is observed when high concentrations of pregnenolone are
added to the warmed adrenal mitochondrial samples (3). The
extent of 11-deoxycorticosterone (DOC) binding to P450n/i was
measured by adding saturating amounts of DOC to warmed
adrenal mitochondria and recording the associated type I ab¬
sorbance change (DOCI). These measurements were carried
out using an Aminco DW2 spectrophotometer operating in the
dual wavelength mode. Mitochondrial protein was measured by
the method of Lowry et al. (12).

Results

In each experiment, the circadian rhythm of serum
corticosterone (in quiescently killed animals) was evident
with the 1800 h level being about 7.5-fold higher than
that seen at 0600 h. The achievement of quiescence in
these female rats at 0600 h is demonstrated by a serum
corticosterone of about 4 /xg/dl (Table 1). At that time,
the rats responded to the mild stress applied by a sham
ip injection with an 11-fold increase in serum corticoster¬
one. The rate of side chain cleavage of endogenous cho¬
lesterol in adrenal mitochondria isolated from the
stressed rats at 0600 h reflected this increased adrenal
cortical activity with a 4-fold increase compared to that
seen in the quiescently killed rats at the same time. This
increased activity of cholesterol side chain cleavage was
correlated with P450scc, as measured by the HGI and PII
absorbance changes (Table 1). At the same time, DOCI
showed no obvious change with stress.

At 1800 h, the 7.5-fold increase in serum corticosterone
of quiescently killed rats was reflected in a higher rate of
cholesterol side chain cleavage than had been seen at
0600 h. The HGI and PII absorbance changes of the
adrenal mitochondria isolated from the stressed group at
1800 h were similar to those seen in the quiescently killed
group at that time, and these measures of the rate of
association of cholesterol with P450scc were as high as
those found in the stressed group killed at 0600 h. This
is most clearly seen by examination of the HGI of these
various groups, as shown in Fig. 1.

The implication from these light absorption studies is

Table 1. Adrenal cortical activity at the high and low points of the
circadian rhythm

0600 h 1800 h

Quiescent Stressed Quiescent Stressed

Serum corticos¬ 4.1 ± 0.8 47.0 ± 4.8 30.6 ± 3.5 52.4 ± 3.2
terone

Cholesterol side 0.5 2.1 1.1 1.4

chain cleav¬

age activity
HGI 18.3 30.3 31.4 32.4

PII 17.3 29.0 31.1 29.2
DOCI 48.9 50.1 46.6 49.4

Groups of 12 rats were killed quiescently or after stress at 0600 and
1800 h. Serum corticosterone is expressed as micrograms per dl. Cho¬
lesterol side chain cleavage activity from endogenous cholesterol in
adrenal mitochondria is expressed as nanomoles of pregnenolone
formed per mg protein/min. Cholesterol association with P450SCc was
measured by HGI and PII assays on adrenal mitochondria. DOC
binding to P450n^ was measured by a DOCI assay on adrenal mito¬
chondria. HGI and DOCI are expressed as AA390-420 per nmol P450 x
103. PII is expressed as AA420-390 per nmol P450 X 103. Values given are
the mean ± sem.

that at the high point of the circadian rhythm of adrenal
cortical activity, there is what appears to be a maximal
rate of cholesterol association with P450scc even in the
quiescently killed rats. As this has been identified as an
important rate-limiting step in overall corticosteroido-
genesis (3, 4, 13), it was important to confirm this obser¬
vation by further experimentation. Since it is not feasible
to carry out replicate HGI and PII assays due to aging of
the adrenal mitochondrial preparations, two experiments
identical to that shown in Table 1 were carried out. The

complete data from all three studies are shown in Table
2. It can be seen that the rate of cholesterol association
with P450scc measured by HGI and PII assays is not
significantly different in the stressed rats at the low point
of the circadian rhythm and the quiescent and stressed
rats at the high point. When the dual wavelength scans
were analyzed to calculate the HGI between 10-30 C,
similar data were obtained (Table 2).

One of the important experimental techniques used to
examine ACTH action on these systems involves pre-
treatment of rats with the protein synthesis inhibitor
cycloheximide (14). When rats were treated with this
compound 15 min before the 1800 h kill, adrenal mito¬
chondria isolated from such animals had HGI and PII

assays 60% lower than those of quiescent or stressed
groups at the same time period.

Discussion

Engeland et al. (2) have reported that resting levels of
ACTH are twice as high at 1800 h than at 0600 h in male
rats killed quiescently, whereas the serum corticosterone
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Fig. 1. HGI of adrenal mitochondria isolated from quiescent (Q) and
stressed (S) rats killed at 0600 and 1800 h. Adrenal mitochondrial
preparations in triethanolamine-sucrose buffer, pH 6.1, were cooled to
1 C and placed in cuvettes in the Aminco DW2 spectrophotometer
operating in the dual wavelength mode with monochromators set at
390 and 420 nm. The water-jacketed cuvette holder had water circulat¬
ing at 37 C and allowed for the mitochondrial suspension to be heated
to 37 C over a period of about 10 min. The HGI was continuously
recorded. P450 concentrations in nanomoles per ml were: 0600 h: Q,
0.68; S, 0.63; 1800 h: Q, 0.69; S, 0.73.

Table 2. Cholesterol and DOC association with cytochrome P450 of
adrenal mitochondria isolated from rats at the high and low points of
the circadian rhythm

0600 h 1800 h

Quiescent Stressed Quiescent Stressed

Total HGI 22.8 ± 2.6 34.8 ±2.3"'6 33.1 ± 1.5" 34.3 ± 1.3"
HGI (10-30 8.2 ± 1.1 17.0 ± 2.0"'6 16.3 ± 2.0" 17.3 ± 1.2"

C)
PII 19.0 ± 1.9 33.9 ± 2.8"'4 30.1 + 0.6" 30.3 ± 1.4"

DOCI 48.8 ± 1.5 46.5 ± 2.1 46.6 ± 0.7 46.3 ± 1.8

Three experiments were carried out with groups of 12 rats being
killed quiescently or after stress at 0600 and 1800 h. The total HGI was
that recorded over the range of 1-37 C. In addition, the HGI was
calculated over the range of 10-30 C. For further explanation, see the
legend to Table 1. Values given are the mean ± sem.

a Significantly different from the quiescent 0600 h group (P < 0.05).
6 Significant difference between the stressed and quiescent groups at

that time period (P < 0.05).

levels are 9 times higher at 1800 h. Our serum corticos-
terone data in female rats are quite similar to those of
Engeland et al. as well as those of Ixart et al. (15).
Comparison of the serum corticosterone and ACTH lev¬
els at the low and high points of the circadian rhythm
suggests that there is an increased adrenal responsiveness
to ACTH in the evening (2). Our study shows that
changes occur in the adrenal mitochondrial cytochrome
P450scc system in the evening which are similar to those
seen when rats are stressed or administered ACTH in
the morning (3-5, 16, 17). The rate of association of
cholesterol with P450scc is as high in the evening in
quiescently killed rats as it is in stressed rats in the
morning. In addition, rats which are stressed in the
evening show no further increase in the rate of cholesterol

association with P450scc despite augmented corticoster¬
one production, as evidenced by the higher serum corti¬
costerone levels. If cholesterol association with P450scc
has been stimulated such that it is maximal at the begin¬
ning of the dark period, it can be inferred that any further
increase in the rate of corticosteroidogenesis brought
about by stress at that time must be related to increased
activity of some other reaction or reactions.

It can be seen in Fig. 2 that there are many possible
reactions in corticosteroidogenesis which could be sub¬
ject to diurnal variation. Kowal (18) has implicated serum
cholesterol as a source of precursor for corticosteroido¬
genesis in support of the proposal by Morris and Chaikoff
(19) that most of the adrenal gland's cholesterol is derived
from blood plasma. Dexter et al. (20) have provided
evidence that ACTH stimulates cholesterol uptake from
plasma into the adrenal in the rat and, more specifically,
Gwynne et al. (21) have shown that ACTH increases the
uptake of cholesterol from high density lipoprotein
(HDL) into the adrenal cortex. Other actions of ACTH
include activation of cholesterol ester hydrolase (22),
resulting in the provision of free cholesterol, the substrate
for mitochondrial P450scc. Mahaffee et al. (23) have im¬
plicated transport of the free cholesterol into adrenal
mitochondria as an action of ACTH. The combination of
the activation of cholesterol ester hydrolase with the
inhibition of cholesterol esterification (24) could explain
the higher flux of cholesterol through corticosteroidoge¬
nesis which is seen at the beginning of the dark period.
Activation of P450SCc itself is still important, as shown
from the studies with cycloheximide (6,23) where adrenal
mitochondrial cholesterol levels rise and yet there is a

very low rate of cholesterol side chain cleavage. These
latter studies support a role for some labile protein (25,
26) in the activation of P450scc, leading to higher rates of
cholesterol association (5, 6).

The study of the circadian rhythm of adrenal cortical
activity promises to be rewarding in terms of the mech-
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Fig. 2. Possible sites of action of ACTH on cholesterol metabolism in
the rat adrenal cortex. 1) HDL binding to HDL receptors; 2) liberation
of cholesterol from HDL by lysosomal activity; 3) cholesterol ester
hydrolase; 4) cholesterol esterification; 5) endogenous synthesis of
cholesterol; 6) cholesterol entry into the mitochondrion; 7) cholesterol
binding to P450s<,c; 8) cholesterol side chain cleavage.
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anism of action of ACTH. With the development of
methodology which allows individual animals to be stud¬
ied at various times during the circadian rhythm, it
should be possible to determine the relative contributions
of HDL, cholesterol ester hydrolase activation, and cho¬
lesterol interaction with P450scc to the increase in adrenal
cortical activity seen at the beginning of the dark period
in rats.
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An isocratic, reverse-phase system for determining adrenal cortical steroids
by high-pressure liquid chromatography is described. The method enables the
rapid, accurate, and precise separation and quantitation of the major steroids
produced during in vitro incubations of rat adrenal cortex mitochondria with
11-deoxycorticosterone. The application of this method to the determination of
11/3- and 18-hydroxylase activity in the presence of metopirone is illustrated,
and its utility for studying other enzymatic reactions in the adrenal gland is dis¬
cussed.

It is now well recognized that corticosterone (B) and 18-hydroxy-l 1-
deoxycorticosterone (18-hydroxy-DOC) are the corticosteroids produced
in greatest amount by the rat adrenal cortex (1-3). The immediate pre¬
cursor ofboth ofthese steroid hormones is 11-deoxycorticosterone (DOC),
and the 11/3- and 18-hydroxylation reactions are catalyzed by an enzyme
or enzymes located in the mitochondria of the adrenal cortical cell (4,5,
6,7). The major site of formation of B and 18-hydroxy-DOC appears to
be the zona fasciculata and zona reticularis tissue of the adrenal cortex

(8,9), and the production ofboth is increased by ACTH (9,10).
The standard method for steroid 11/3-hydroxylase assay involves incu¬

bating adrenal cortical mitochondria prepared from whole adrenal tissue
with DOC along with a source of reducing equivalents. The production
of B is measured, usually following extraction with organic solvent and
determination of the B by acid fluorescence (11) or isotope dilution. To
measure 18-hydroxylase, an enzyme ignored in most studies, radioactive
DOC has been added, and labeled 18-hydroxy-DOC is isolated and quan-
titated following one or more chromatographic steps (12-14). This type
of methodology does not allow for the measurement of endogenous pro¬
duction of 18-hydroxy-DOC, and in addition the instability of 18-hydroxy-
DOC (15) complicates many of the chromatographic procedures employed.
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In view of the reported mineralocorticoid activity of 18-hydroxy-DOC
(16-18) and its potential as a hypertensinogenic agent (19,20), we have
developed an assay for 11/3-hydroxylase and 18-hydroxylase where ex¬
tracts of zona fasciculata-reticuaris mitochondria are subjected to high-
pressure liquid chromatography (hplc) with the B and 18-hydroxy-DOC
being directly quantified using a 254-nm ultraviolet flow cell.

MATERIALS AND METHODS

Reagents. All steroids and cofactors were purchased from either Sigma
Chemical Co. (St. Louis, Missouri) or Steraloids, Inc. (Wilton, New
Hampshire). 18-OH-DOC was diluted in ethanol distilled over sodium
hydroxide. Metopirone (SU-4885) was obtained from Ciba Pharmaceutical
Co. (Summit, New Jersey). Tetrahydrofuran (Fisher Scientific Co., Fair-
lawn, New Jersey) and water were distilled and then degassed under
vacuum prior to use.

Instrumentation. High-pressure liquid chromatography of adrenal mito¬
chondrial extracts was performed using a Varian Model 8500 system (Var-
ian Instruments, Palo Alto, California) with a 2-mm x 25-cm MicroPak
CH-10 column of 10-/xm porous silica particles coated with octadecasilane.
A flow rate of 60 ml/hr of 16% tetrahydrofuran in water was achieved
at 300 atm (4500 psi). Samples were injected in 2 to 10 p\ of ethanol
with a Hamilton syringe and the ultraviolet absorption of the effluent
was monitored at 254 nm with a uv detector (Varian Aerograph 254/
280). This detector has a range of 0.002 to 0.64 absorbance units with
a minimum detectability of 10~4 absorbance units. The output from the
detector was recorded at 6 in/hr. with a Varian Model A-25 chart re¬

corder, and the area under the peaks was determined with a Varian Model
CDS 111 integrator. All separations were achieved at ambient room tem¬
perature.

Preparation of mitochondrial extracts. Female Sprague-Dawley rats
weighing approximately 200 g were obtained from Holtzman Co. and
Charles River Laboratories. The animals were sacrificed by decapitation
and the adrenal glands were enucleated in situ (21). This technique ob¬
viates the time-consuming process of trimming fat adhered to the gland.
In addition, the number of products formed during in vitro incubations
is reduced. The zona glomerulosa 18-hydroxylase enzyme which is in¬
volved in the conversion of B to aldosterone is not present in the adrenal
enucleate. The inner zona fasciculata-reticularis and medulla were placed
into chilled 0.25 m sucrose (pH 7.4) and homogenized, and the mitochon¬
dria were isolated by differential centrifugation (22). The mitochondrial
pellet was suspended in homogenizing medium to give a protein concen¬
tration of approximately 17 mg/ml. Protein was determined by a modi¬
fication of the Lowry method (23). All incubations were performed at
37°C under air in a medium that contained 50 mM sucrose, 50 mM NaCl,
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5 mM MgCl2, 5 mM KC1, and 100 mM Tris (pH 7.4). The 11/8- and 18-
hydroxylase activity was determined in the following manner. To duplicate
3.5-ml portions of incubation medium were added 1.7 mg of mitochondrial
protein and 60 gM 11-deoxycorticosterone. When used, Metopirone was
added at a concentration of 30 pM. The reaction was started by adding
10 mM isocitrate as a source of reducing equivalents. Aliquots (0.8 ml)
were removed at 0, 1, 3, and 5 min of incubation and placed directly
into 10 ml of methylene chloride containing 10 p.g of 11-deoxycortisol
(S) as an internal standard to correct for procedural losses. Each aliquot
was then extracted, the organic phases were separated, and the methylene
chloride extract was washed with 1.0 ml of 0.1 n sodium hydroxide and
1.0 ml of water and then evaporated to dryness under nitrogen. The
dried extract was then solubilized with 50 pi of ethanol, and a 2 to 10-pl
sample was injected into the chromatograph. The conversion of DOC
to B (11/3-hydroxylation) and 18-OH-DOC (18-hydroxylation) was quan-
titated by comparing peak areas of the sample with peak areas of authentic
standards and by correcting for recovery based on the peak area of the
internal standard (11-deoxycortisol). The rate of formation of B and 18-
OH-DOC was estimated by subtracting the 1-min values from the 3-min
values and then dividing by two and the protein concentration.

Identification of steroid products. B and 18-OH-DOC formed during
in vitro incubations of rat adrenal mitochondria with DOC were iden¬
tified as such on the basis of retention times on reverse phase hplc and
Rf values on propylene glycol-impregnated Kieselguhr thin-layer plates
developed with toluene. These were identical to authentic samples of B
and 18-OH-DOC.

RESULTS AND DISCUSSION

Figure 1A shows a typical chromatographic run of a mixture of au¬
thentic steroid standards. The retention times of 18-OH-DOC, B, S, and
DOC were such that complete resolution was achieved within 30 min.
This time interval is relatively slow for hplc. In contrast to gradient elu-
tion, however, the isocratic system presented here does not require lengthy
column regeneration and equilibration. Also, it can be seen that with a
reverse phase system the more polar steroids, 18-OH-DOC and B, elute
before the less polar steroids, S and DOC.

A virtually identical steroid profile was obtained with extracts of rat
adrenal mitochondria incubated with DOC (Fig. IB) and confirms numer¬
ous other studies (1-7) which have demonstrated that B and 18-OH-DOC
are the major products formed in the rat adrenal gland. The use of a

17-hydroxylated steroid (11-deoxycortisol) as an internal standard is con¬
venient since the rat lacks a 17-hydroxylase enzyme and therefore does
not make this steroid (24).
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TIME (minutes)

Fig. 1. (A) High-pressure liquid chromatograph obtained with a 10-p.l mixture of authentic
steroid standards (1.0 fj.g of each) on a Varian 0.2 x 25-cm MicroPak silica column with
16% tetrahydrofuran in water. The flow rate was 60 ml/hr at 300 atm. (B) A typical chro¬
matographic profile obtained with extracts of rat adrenal mitochondria incubated with 60
gM 11-deoxycorticosterone. An aliquot (0.8 ml) was removed at 5 min of incubation and
extracted with 10 ml of methylene chloride containing 10 p,g of internal standard (11-de-
oxycortisol). The extract was evaporated to dryness and solubilized with 50 p.1 of ethanol.
Ten microliters was then injected onto the column.

The precision and accuracy of the method were determined by adding
replicate mixtures of three different concentrations of authentic DOC,
B, and 18-OH-DOC to rat adrenal mitochondria. The various amounts
chosen for each steroid approximate the concentrations known to be
present during mitochondrial incubations with DOC. Aliquots of the mi¬
tochondria were extracted with methylene chloride (containing internal



200 GALLANT, BRUCKHEIMER, AND BROWNIE

TABLE 1

Precision and Accuracy of High-Pressure Liquid Chromatographic
Assay of Adrenal Mitochondrial Steroids"

18-OH-DOC (/Ag) Corticosterone (/Ag) DOC (/Ag)
Number of

samples Added Recovered Added Recovered Added Recovered

5 30 31.6 ± 1.4' 60 66.3 ± 0.8 10 9.3 ± 0.3

5 20 20.7 ± 0.6 40 43.1 ± 0.7 40 36.6 ± 1.4

5 10 9.9 ± 0.2 20 21.2 ± 0.4 70 65.1 ± 1.8
5 0 0 0 0 0 0

0 Various amounts of each of the three steroids were mixed and then added to rat adrenal
mitochondria suspended in 0.8 ml of incubation medium. The amount recovered was de¬
termined by hplc as described in the text.

' Mean ± standard error of the mean.

standard) and then subjected to hplc, as described under Materials and
Methods. The results of this study are shown in Table 1. For each of
the three steroids measured there was good agreement between the amount
added and the amount recovered. The coefficient of variation was less
than 10% and the correlation coefficient was not significantly different
from 1, indicating no systematic error in the method. Stability problems
with 18-OH-DOC were not encountered and relate to the use of ethanol
distilled over sodium hydroxide. This process neutralizes acidic impurities
and prevents ketalization (25).

The method was also applied to the determination of 11/3- and 18-
hydroxylase activity in the presence and absence of Metopirone, a well-

TABLE 2

The Effect of Metopirone on Steroid Biosynthesis in Rat Adrenal Mitochondria
as Determined by High-Pressure Liquid Chromatography

Flask Additions Corticosterone" 18-OH-DOC"

1,2,3 Isocitrate (10 mm)
+ DOC (60 /am)' 8.9 ± 0.5" 4.9 ± 0.3

4,5,6 Isocitrate (10 mm)
+ DOC (60 /am)
+ Metopirone (30 /am) 3.7 ± 0.3 1.3 ± 0.2

" The rate of formation of each steroid was determined from hplc data on mitochondrial
extracts as described under Materials and Methods. The data are expressed as nanomoles
per minute per milligram of protein.

b Isocitrate was dissolved in incubation buffer, and DOC and Metopirone were dissolved
in ethanol.

■' Mean ± standard error of the mean.
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known inhibitor of steroidogenesis (26-30). The results are shown in Table
2. As can be seen, rat adrenal mitochondria in the absence of Metopirone
efficiently convert added DOC to B and 18-OH-DOC. These reactions,
however, are markedly inhibited (greater than 50%) when Metopirone
is added to the incubation medium. The values obtained are well within
the range of those reported in other studies. Metopirone elutes before
18-OH-DOC and B and does not interfere with the quantitation of
these steroids.

The techniques for the analysis of steroids by hplc have greatly im¬
proved over the last few years (31-34). The data presented in this paper
demonstrate the utility of hplc in the study of steroid biosynthesis in
rat adrenal mitochondria and its application to the study of inhibitors
of adrenal steroidogenesis. A complete separation of substrate from prod¬
ucts is achieved within 30 min and simultaneously allows for their quan¬
titation. The method is precise and accurate and is sufficiently sensitive
to detect less than 0.1 nmol of steroid product. Moreover, it requires
only a minimal amount of sample preparation.

Unpublished data in our laboratory have shown that it is possible to
study, with these methods, other biosynthetic pathways of the rat adrenal
gland. By decreasing the percentage of tetrahydrofuran to 12%, we have
been able to study with equal success aldosterone biosynthesis in rat
adrenal mitochondria isolated from zona glomerulosa tissue using Cortisol
as an internal standard. By increasing the percentage of tetrahydrofuran
to 23%, we have also used this method to study 21-hydroxylase activity
in adrenal microsomal preparations. In the latter assay, 17a-hydroxypro-
gesterone was used as the internal standard.

On the basis of these findings it appears that hplc offers unique ad¬
vantages in the in vitro study of adrenal cortical function. Use of this
method could help to answer the question whether 11/3-hydroxylation
and 18-hydroxylation of DOC are catalyzed by the same enzyme or enzyme
complex. In addition, the ability to examine easily 18-hydroxylation is of
interest to those studying the role of 18-hydroxy-DOC as a hypertensino-
genic agent related to genetic control of blood pressure and corticosteroid
production in rats (35).
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Summary

Adrenal function was assessed in control rats and in rats treated

for two and four weeks with 17a-methylandrostenediol (MAD; 17u-methyl-5-

androstene-3B, 17£3-diol) , a synthetic androgen known to produce hypertensive

cardiovascular disease. In both groups and at both time periods, a cir-

cadian rhythm of blood corticosteroid concentrations was observed. The

high point for serum corticosterone (B), 18-hydroxy-ll-deoxycorticosterone

(18-hydroxy-DOC), and 11-deoxycorticosterone (DOC) concentrations occurred

at the beginning of the dark period (1800 h) and the low point occurred at

the onset of the light period (0600 h). Serum concentrations of DOC were

always found to be higher in MAD-treated rats as compared with controls.

The serum concentrations of B and 18-hydroxy-DOC were lower than control

values at 1800 h but were higher than control concentrations at 0600 h.

The iri vitro 11(3- and 18-hydroxylation of DOC was markedly reduced with

MAD treatment. In contrast, cholesterol side-chain cleavage activity

was higher in animals treated with MAD. These ii( vitro findings correlated

with spectral studies which showed a decreased binding of DOC to cytochrome

P45011D and increased binding of cholesterol to cytochrome P450lip see

These studies suggest that MAD treatment selectively decreases 11(3- and 18-

hydroxylation in adrenal mitochondria and this results in an increased

serum concentration of DOC, a hypertensinogenic steroid. This effect

of MAD on peripheral serum DOC concentration is most readily observed

in quiescent animals at the high point of the circadian rhythm.
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Introduction

Skelton^ found that hypertensive cardiovascular disease results

from chronic treatment of rats with the synthetic androgen, 17a-methyl-

androstenediol (MAD; 17a-methyl-5-androstene-33,173-diol) . An important

observation which allows one to propose a mechanism for this form of
2

experimental hypertension is that of Salgado and Selye who demonstrated

that the adrenal had to be present for the development of hypertension.
3

In addition, Brownie and Skelton found that steroid 113-hydroxylase

activity was low in adrenal homogenates and mitochondria from MAD-treated

rats leading to an accumulation of 11-deoxycorticosterone (DOC). MAD is

converted to 17a-methyltestosterone (MT; 17a-methyl-4-androstene-173-ol-3-
4 5

one) in the adrenal and MT is similar to testosterone in being an inhib¬

itor of the 113-hydroxylation of DOC.^ This has led to general agreement

7
that increased secretion of the hypertensinogenic steroid DOC is involved

in the pathogenesis of MAD-induced hypertension. Indeed, there is evi-
8 9

dence ' for increased secretion of DOC in the adrenal venous effluent of

MAD-treated rats at the same time as there is decreased secretion of corti-

8 9
costerone (B) and 18-hydroxy-ll-deoxycorticosterone (18-hydroxy-DOC).

However, these studies in which adrenal venous blood was collected of necess¬

ity involve rats which are subjected to the stress of anesthesia. Further¬

more, effects of MAD upon other enzymes of the corticosteroid biosynthetic

pathway have not been described. Accordingly, the present studies were
concentrations

designed to measure / of DOC, 18-hydroxy-DOC and B in peripheral blood

of control and MAD-treated rats with blood being collected under quiescent

conditions arid at 6-hour intervals during a 24-hour period in order to take

into account the circadian rhythm of adrenal cortical activity.In
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addition, adrenal mitochondria were isolated for the determination of

cholesterol side-chain cleavage activity as this enzyme catalyzes what
12 13

is recognized as the rate-limiting step in corticosteroidogenesis. '

Methods

Animals and Treatment -

Male Sprague-Dawley rats weighing approximately 200 g (Holtzman Co.;

Madison, WI.) were singly caged in three rooms with controlled temperature

(22 ± 1°C) and lighting (fluorescent illumination from 0600-1800 h) . All

rats were uninephrectomized, given 1% NaCl as drinking solution and fed

Charles River Rat Chow which contained 0.40% sodium, acl 1ibitum. The

experimental groups received 10 mg MAD (Sigma), suspended in 0.2 ml corn

oil, by subcutaneous injection 6 days per week. Control groups received

vehicle alone.

Blood Pressures

Systolic blood pressures were measured indirectly under light ether
14

anesthesia with a Physiograph Four (E and M Instrument Co., Inc., Houston,

TX.) .

Collection of Rat Serum and Serum Steroid Assays

After two or four weeks of treatment, 7 control and 8 MAD-treated rats

were killed by decapitation at each of the following times: 0600, 1200,

1800 and 2400 h. Exposure to stress was minimized by handling the rats

twice daily during the treatment period and by having five people enter

each room in turn and begin blood collection within 12 s of entry and remov¬

al of the rat from its cage. Blood was individually collected from the

trunk and allowed to clot on ice. The serum was separated by centrifuga-
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tion and stored in the frozen state until assayed.

Corticosterone was measured by the direct radioimmunoassay (RIA) procedure

of Gomez-Sanchez et al.^ following methylene dichloride extraction of a 0.1 ml

aliquot of serum. Serum 18-hydroxy-DOC was measured by direct RIA according to

16 17
the method of Gallant. Serum DOC concentrations were determined by RIA. The

serum samples were extracted and then chromatographed in a solvent system of cyclo-
v 18

hexane:methanol:water (100:50:25 /v) by a similar method previously described.

In this chromatography system, DOC had an Rf value of 0.29 and was well separated

from MT, MAD, B, 18-hydroxy-DOC and progesterone which had Rf values of 0.46, 0.11,

0.01, 0.001 and 0.81, respectively. The cross-reactivities of these steroids with

the DOC antibody were: MT (0.2%), MAD (0.1%), B (2%), 18-hydroxy-DOC (0.01%) and

progesterone (95%).

Collection of Adrenal Tissue and Enzyme Assays

Adrenal zona fasciculata-reticularis tissue was obtained by adrenal enucleation
19

in situ. Adrenal tissue was homogenized in cold buffered 0.25 M sucrose and mito-
20

chondria were obtained by differential centrifugation. The concentration of adrenal

mitochondrial protein used for each assay ranged between 1.5-2.5 mg/ml and was deter-
21

mined by the method of Lowry et al. Cytochrome P450 concentrations m the adrenal

mitochondrial preparations were determined by using an Aminco DW2 Spectrophotometer
22

by the method of Omura and Sato.

Cholesterol side-chain cleavage (CSCC) activity was determined by measuring

the pregnenolone formed from endogenous cholesterol in adrenal mitochondria incubated

at 37°C under air in the presence of cyanoketone, an inhibitor of sterol 3|3-ol-
23

dehydrogenase, and isocitrate as a source of reducing equivalents. The reaction

medium contained 50 mM sucrose, 50 mM NaCl, 5 mM MgC^, 5 mM KC1 and 100 mM MOPS
(Morpholinopropane Sulphonic Acid, pH = 7.4; Calbiochem). The pregnenolone formed

was measured by RIA.^
Mitochondrial 113- and 18-hydroxylase assays were performed in the same reaction

medium described above. 60 yM DOC substrate as well as a source of reducing

equivalents were added. The method of assay employed



high-pressure liquid chromatography for simultaneous assay of 113- and
25

18-hydroxylase activity.

Spectral Analyses

Adrenal cortical mitochondrial cytochrome P450 systems, consisting

of P450j^ and P450scc, were examined by light absorption spectrophoto-
26

metry. The extent of cholesterol association with P450 was deter-
scc

mined by the heat-generated Type I absorbance change (HGI) which develops
27

as the mitochondria are warmed from 1°C to 37°C. An indirect measure

of cholesterol association with P450 , the pregnenolone-induced Type II

(reverse Type I) absorbance change (PII), was determined by adding satur¬

ating concentrations of pregnenolone to warmed adrenal mitochondrial
28

samples. The extent of DOC binding to P450 was measured by addinglip

saturating amounts of DOC to warmed adrenal mitochondria and measuring
29

the observed Type I absorbance change (DOCI).

Results

Body Weights and Blood Pressures

Fig. 1 shows the weekly mean systolic blood pressures and body weights

of representative control and MAD-treated rats. Body weight increased more

rapidly in the control rats. By 4 weeks, the blood pressures of the MAD-

treated group were significantly greater than those of the controls (p<0.05).

Eight of 14 (57%) MAD-treated rats and only 1 of 13 (7%) controls became

hypertensive by 7 weeks. Rats were considered hypertensive when systolic

blood pressures were in excess of 150 mmHg.

Peripheral Serum Steroid Determinations

Fig. 2 shows the peripheral serum concentrations of DOC, 18-hydroxy-

DOC and B from quiescent control and MAD-treated male rats which were
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killed at 0600, 1200, 1800 or 2400 h after two or four weeks of treatment.

A circadian rhythm for B, 18-hydroxy-DOC and DOC in the control rats at both

two and four weeks is evident when the concentrations of these steroids at 1800 h

(lights off) are compared with those at 0600 h (lights on). The low basal con¬

centrations of all three steroids at 0600 h in these control rats are indicative

that they were quiescent. The apparent increase of serum B concentrations after

four weeks of treatment, above that observed after two weeks in both control and

MAD-treated rats, may be the result of an age-related maturation of the circadian
30

rhythm of plasma corticosterone concentrations.

The MAD-treated rats also showed a circadian rhythm of B, 18-hydroxy-DOC

and DOC similar to that seen in the controls, with a high point at 1800 h and

a low point at 0600 h. However, the absolute concentrations determined in the

MAD-treated rats varied from those achieved by the controls. At 0600 h, concen¬

trations of DOC, B and 18-hydroxy-DOC were higher in the MAD-treated rats after

both two and four weeks. However at 1800 h, B and 18-hydroxy-DOC concentrations

were lower in the MAD-treated animals but DOC concentrations remained higher than

those of the control group. Even when the effects of stress are minimized, as

they have been during these experiments, DOC concentrations were higher in the

MAD-treated rats at all times studied, and were maximal at 1800 h. The data

indicate that these differences in serum steroid concentrations were magnified

at 1800 h.

Adrenal Mitochondrial Incubations

Mitochondrial 113- and 18-hydroxylase and CSCC activities were compared

in the quiescent control and MAD-treated rats which were killed at 0600,

1200, 1800 and 2400 h after either two or four weeks (table 1). These

data indicate that MAD treatment decreases by approximately the same pro¬

portion both 113 and 18-hydroxylase activities. When the CSCC activities

were examined, a circadian rhythm was evident in both control and MAD-

treated rats. Activities measured at 1800 h were higher than those measured
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at 0600 h in both groups at 2 and 4 weeks. Moreover, the MAD-treated

rats showed a greatly increased rate of CSCC activity above control

activity at 0600 h and 1200 h after 2 and 4 weeks. Although these data

are expressed per nmole of cytochrome P450, similar differences between

control and MAD groups are observed if CSCC activity is expressed as

pregnenolone formed per mg protein.

Spectral Data

Cholesterol and DOC association with cytochrome P450 of adrenal mito¬

chondria isolated from the various groups is shown in Table 2. Chol¬

esterol association with p450scc, measured by HGI and PII assays on adrenal
mitochondria, was increased in the MAD-treated groups above control values

at all time periods studied. DOC binding to P45011o, measured by DOCIlip

assays on adrenal mitochondria, on the other hand, was decreased in the MAD-

treated groups at all time periods. Total adrenal mitochondrial P450 con¬

centrations were reduced by about 40% after treatment with MAD.

Discussion

Previous studies suggest that following the injection into a rat of

MAD, a A5-3(3-ol-steroid, the corresponding A^-S-ketone, MT, is produced in

sufficient quantities to inhibit steroid llg-hydroxylation. This results

in an increased secretion of DOC and, eventually, hypertensive cardio¬

vascular disease. Another effect of chronic MAD treatment is a signif-
31 32icant decrease in total adrenal mitochondrial cytochrome P450. 5

This decrease has been related to the reduced activity of steroid 113-

hydroxylation. However, cytochrome p450scc which is involved in the rate-
limiting step of corticosteroidogenesis, CSCC, is also localized to the

33
mitochondria of the adrenal cortical cell. Our studies show that in
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contrast to steroid 113- and 18-hydroxylation, the activity of CSCC is

not reduced by chronic treatment with MAD. Thus, we can now propose

that the androgen treatment selectively decreases 113- and 18-hydroxy¬

lation in adrenal cortical mitochondria and leads to an increase in

the secretion of DOC.

In the present study we have shown for the first time that, compared

to controls, MAD-treated rats have elevated plasma DOC concentrations.

Furthermore, we have shown the advantage of carrying out measurements at

the high point of the circadian rhythm when the concentrations of DOC

achieved are much higher than those seen in quiescent rats killed in the

morning at the start of the light period. At the high point of the cir¬

cadian rhythm one can readily see the reduced ability of MAD-treated rats

to maintain normal concentrations of corticosterone and 18-hydroxy-DOC

whereas there are increased concentrations of DOC. These studies also

show that despite alterations in corticosteroidogenesis brought about by

treatment with MAD there is a circadian rhythm in DOC, 18-hydroxy-DOC and

B with the highest values occurring near the start of the dark period.

Apparently, these three corticosteroids are under similar control with

their presumed source being the zona fasciculata-reticularis. There is
34

some evidence that treatment of rats with androgen reduces ACTH secretion.
that

However, despite that, our studies show/a circadian rhythm of corticoster¬

oids is retained in androgen-treated rats. In control rats there is an

apparent circadian rhythm in CSCC activity with a maximum around 1800 h

and a minimum around 0600 h. These results are similar to those in another

report from our laboratory.There is a less well-defined circadian rhythm

in CSCC activity in the MAD-treated groups. This is related to a higher

activity at 0600 h and 1200 h compared to controls .

-9-



This higher rate of cholesterol side-chain cleavage in MAD-treated rats at

0600 h and 1200 h correlates with higher plasma B and 18-hydroxy-DOC concen¬

trations in MAD-treated groups. At these times, when control animals are

showing very low B and 18-hydroxy-DOC concentrations, DOC/B ratios are not

significantly higher in MAD-treated rats at the two-week time period. However,

when the 1800 h blood samples are analyzed it is clear that the DOC/B ratio is

much higher in the MAD-treated rats than in controls. The advantage of meas¬

uring corticosteroid concentrations on blood samples withdrawn at or near the

high point of the circadian rhythm has been shown by us for adrenal regeneration
18

hypertension and now this is also applicable to androgen-induced hypertension.
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Table1.EffectofMADTreatmentonAdrenalMitochondrial110-and18-HydroxylaseandCholesterolSideChain CleavageActivities
TwoWeeksofTreatmentFourWeeksofTreatment

TimeofDay0600h1200h1800h2400h0600h1200h1800h2400h 110-HydroxylaseControl6.839.006.088.63 Activity*MAD2.903.223.742.70
7.77 3.59

12.32 4.19

8.20 2.99

8.20 3.11

18-HydroxylaseControl2.665.032.863.98 ActivityMAD1.581.652.021.48
4.62 1.35

4.84 1.90

4.69 1.57

4.73 1.64

Cholesterol SideChain Cleavage Activity

Control MAD

0.08 0.28

0.18 0.48

0.36 0.43

0.35 0.34

0.16 0.34

0.12 0.39

0.38 0.49

0.33 0.58

*Enzymeactivitiesareexpressedinnmolesofproductformed/minute/nmoleP450.
"t*

Eachvaluerepresentsthemeanofduplicateassays.



FIGURE LEGENDS

Figure 1. Mean body weights and blood pressures of MAD-treated and

control rats measured at weekly intervals after the initia¬

tion of treatment. Vertical lines indicate ± standard error

of the mean (SE).

Figure 2. Mean peripheral serum steroid concentrations of MAD-treated

and control rats quiescently killed at the hours indicated

either 2 or 4 weeks after the initiation of treatment. Data

are expressed in yg/dl or ng/ml. Vertical lines indicate

± SE. Significance was determined by Student's t test.

(* indicates p < 0.05; t indicates p = 0.067)
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Metopirone-Induced Hypertension in the Rat
HOWARD D. COLBY, FLOYD R. SKELTON, and
ALEXANDER C. BROWNIE
Departments of Pathology and Biochemistry, State University of New York at Buffalo, New York 14214

ABSTRACT. Uninephrectomized rats were ad¬
ministered 10 mg of Metopirone (Su-4885;
metyrapone), an adrenal 11/3-hydroxylase in¬
hibitor, ip either once or twice daily for 6 weeks.
All were given 1% sodium chloride as drinking
solution. Both Metopirone-treated groups
showed a significant elevation in systolic blood
pressure. All rats were sacrificed 24 hr after the
last injection of Metopirone. Adrenals were col¬
lected and corticosteroidogenesis from pro¬
gesterone, measured in adrenal homogenates, was
not impaired by Metopirone treatment. How¬
ever, in short-term studies when rats were
sacrificed either 1 or 4 hr after the final adminis¬
tration of Metopirone, inhibition of 11/3-hy-
droxylation was demonstrable in vitro. The
hypertensive groups did show a substantial in¬
crease in plasma 11-deoxycorticosterone (DOC)
levels, thus indicating some inhibition of 11/3-

hydroxylase in vivo. Adrenal hypertrophy in
those rats treated twice daily with Metopirone
further substantiated the effectiveness of the
dose of Metopirone employed in that group.
These rats also were found to be hypernatremic
and hypokalemic. Organ weights recorded at the
time of sacrifice showed that the heart and
kidney sizes of these rats were significantly
greater than those of the controls. Only the
heart weights were significantly elevated in those
rats treated once a day with Metopirone. In
addition, these organs showed macroscopic and
microscopic lesions characteristically found with
DOC hypertension. These findings tend to
solidify the hypothesis that the inhibition of
11/3-hydroxylation in the rat with the resulting
increase in DOC production is a valid mechanism
for the development of hypertension. (Endo¬
crinology 86: 620, 1970)

THE CAUSE of several forms of exper¬imental hypertension in the rat has
been attributed to an impairment of adre¬
nal cortical function resulting in an ab¬
normally high secretion of 11-deoxycorti¬
costerone (DOC). These forms include
adrenal-regeneration and methylandro-
stenediol (MAD) hypertension (1, 2). If,
in fact, impaired adrenal cortical function
or more specifically impaired 11/3-hydrox¬
ylation is a valid mechanism for the pro¬
duction of hypertensive disease in the rat,
then the chronic administration of a known
inhibitor of 11/3-hydroxylase should pro¬
duce this same pathologic state.

The following studies were conducted to
determine whether the administration of
the 11/3-hydroxylase inhibitor Metopirone
[2-methyl-l, 2-bis- (3-pyridyl) - 1-propanone;
Su-4885] (3, 4) to rats which were unine¬
phrectomized and had free access to 1 % so-

Received May 23, 1969.
These investigations were supported by USPHS

Research Grant HE 06975 from the National Heart
Institute, and Training Grant GM 01500 from the
National Institute of General Medical Sciences.

dium chloride as drinking solution would
in fact produce hypertension.

Materials and Methods

Five-week-old female Sprague-Dawley rats
were obtained from Charles River Co. They
were individually caged in an artificially lit
(0700-1900) and windowless room maintained at
constant temperature (23 C). Free access to
standard pellet diet and water was permitted
for 1 week, at which time right nephrectomy
was performed on all animals. Thereafter, all
rats were fed standard pellets and given 1%
sodium chloride as drinking solution ad lib.
Treatment was initiated 3 days following
uninephrectomy.

Metopirone was dissolved in very dilute
hydrochloric acid and administered by ip
injection (10 mg Metopirone/0.2 ml). Treated
rats in chronic studies received either 1 (8 :00
am) or 2 (8:00 am and 4:00 pm) injections
daily, each containing 10 mg of Metopirone, for
6 weeks. Controls received only the vehicle. The
control group contained 16 rats, while each
experimental group had 22 rats.

Body weights and systolic blood pressures
were determined weekly. Blood pressures were
measured in the tail using a Physiograph Four
(E & M Instrument Company, Houston, Texas)
with the rats under light ether anesthesia.
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All rats were killed by decapitation. Blood
was collected from each sacrificed rat, centri-
fuged immediately, and plasma obtained.
Plasma sodium and potassium levels were
determined for each rat by flame photometry
using a Beckman Model 105 flame photometer.
All residual plasma was pooled by group and
plasma levels of 11-deoxycorticosterone were
determined by a gas chromatographic method
utilizing electron capture detection (5).

Organs for histologic study were quickly
removed, trimmed and weighed, and then
placed in 10 % buffered formalin.

The presence of lesions as observed grossly at
the time of sacrifice and microscopically after
fixation and staining with the periodic acid-
Schiff (PAS) reagent was the basis for the lesion
incidence and lesion severity indices expressed
for the hearts and kidneys of sacrificed rats. The
lesion incidence represents the percentage of
animals in a particular group which showed any
degree of pathology for a given organ. The
lesions were evaluated on a 0 to 4 + scale both
grossly and microscopically and the combined
score for each group was then expressed as a
percentage of the theoretical maximum. This
value then represents the relative severity of
lesions for each group.

Adrenals used in incubation studies were

rapidly collected, weighed, and pooled by
group. Homogenates were prepared using a
Potter-Elvehjem glass homogenizer in appro¬
priate volumes of cold Krebs-Ringer-phosphate
buffer (pH 7.4) containing 100 mg of sodium
succinate/100 ml. Each incubation flask con¬
tained the homogenate equivalent of 35 mg of
adrenal tissue with 0.1 /xCi progesterone-4-14C
(specific activity 5 mCi/mmole), in a total
volume of 5.0 ml. Incubations were carried out
for 10 min in air at 37 C. Steroids were then
quickly extracted with methylene chloride, and
steroid analyses performed as previously de¬
scribed (2). This consists essentially of an initial
paper chromatographic separation of the vari¬
ous products and elution of all the radioactive
peaks from the chromatograms. The total
radioactivity recovered was determined by
liquid scintillation spectrometry andthe amount
recovered from each of the peaks corresponding
to corticosterone (B),1 11-deoxycorticosterone
(DOC), 18-hydroxy-l1-deoxycorticosterone (18-
OH-DOC), and progesterone was used to de¬
termine the percentage conversion of the added
progesterone to these corticosteroids.

1 The systematic nomenclature and abbrevia¬
tions of compounds for which trivial names are used
in this paper are: 18-hydroxy-l 1-deoxycorticoster-
one (18-OH-DOC), 18,21-dihydroxypregn-4-ene-
3,20-dione; corticosterone (B); deoxycorticosterone
(DNC); progesterone (PROG).
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Fig. 1. Weekly mean systolic blood pressures of
controls and rats treated with 10 mg of IVlctopirone
ip either once or twice (10 +10) daily for 42 days.

Adrenal mitochondria were isolated from
pooled adrenal homogenates by differential
centrifugation (6). The mitochondria were then
suspended in a medium containing 0.25m su¬
crose, 0.015m Tris and 0.02m nicotinamide,
pH 7.4, at a concentration of mitochondria
equivalent to 50 mg tissue/1.0 ml. One ml of
mitochondrial suspension was incubated with
155 nmoles DOC-4-l4C (specific activity 0.65
mCi/mmole) in 0.1 ml ethanol and 4.0 ml of
buffer containing 0.1m Tris, 0.005m KC1,
0.005m MgCl2, 0.008m NaCl, 0.005m sucrose,
pH 7.4, and also 100 mg malate/100 ml. Incuba¬
tions were performed and steroid analyses
carried out as for the homogenate incubations.
Protein determinations were done according to
the method of Lowry (7).

Results

Chronic studies

Blood pressures and body weights. After
six weeks, those rats receiving two injec¬
tions of Metopirone daily had a mean sys¬
tolic blood pressure which was significantly
higher (p <0.001) than that of the control
group (162+6 vs. 117 +3 mm Hg) (Fig. 1).
Those receiving a single injection daily of
Metopirone showed a smaller rise in blood
pressure (133+4 mm Hg) but this eleva¬
tion was also highly significant (p <0.005).
Although small differences existed in the
mean body weights for the three groups



622 COLBY, SKELTON AND BROWNIE Volume 86

Table 1. Body weights, systolic blood pressures and organ weights
of control and Metopirone-treated rats

Group and
treatment

No. of
rats

Body weight
g

Blood pressure
mm Hg

Organ weights (mg)

Initial Final Initial Final Kidney Heart Pituitary Adrenals

Control 16 146 ± 3* 267 ±6 112 + 3 117 + 3 1660 + 50 940 ±30 12.4± 0.6 77.9 ± 2.3

Metopirone
10 mg

22 143 ±3 252 ±4 112 + 2 133+ 4f 1740 ±60 1050 ±20f 12.7 ± 0.7 77.4± 1.9

Metopirone
10 mgX2

22 146 + 2 259 + 6 112 + 2 162+ 6t 2100 + 901 1170±40t 12.9 ± 0.7 91.7±3.0f

* Standard error of the mean,

f p <0.005 (vs. controls).
J p <0.001 (vs. controls).

(Table 1), these were well within the range
for chance variation.

Organ weights and lesion indices. Table 1
also indicates the weights of several organs
recorded for all the rats at the time of sac¬

rifice. It is evident that the hypertensive
groups also had significant cardiac hyper¬
trophy accompanying the rise in blood
pressure. In addition, those rats treated
twice daily with Metopirone had kidneys
and adrenal glands which were significantly
larger than those of the controls. Gross in¬
spection of the kidneys and hearts at the
time of sacrifice and subsequent micro¬
scopic examination after histologic prep¬
aration (Fig. 2, 3) revealed the presence of
characteristic hypertensive lesions in the
rats which were treated with Metopirone.
Microscopically these lesions consisted of
renal glomerular necrosis terminating in
complete sclerosis and hyalinization of
glomeruli and hyperplastic or hyaline
changes in the walls of small arteries and
arterioles. Degenerative changes in the
renal tubular epithelium and tubular casts

also were common findings for the hyper¬
tensive rats. The hearts of these rats
showed areas of focal necrosis in addition to
sclerotic changes in arteriolar walls. Scle¬
rotic arterioles were frequently found to be
surrounded by a proliferative fibroblastic
response. The incidence and severity of
these lesions in each group is reported in
Table 2. It can be seen that they correlate
quite well with both the dosage of Me¬
topirone administered and the mean sys¬
tolic blood pressure level attained. An ad¬
ditional microscopic finding was that of
PAS-positive globules in the adrenals of
the hypertensive rats (Fig. 4). Their dis¬
tribution seems to be limited to the zona

glomerulosa and outer fasciculata. At pres¬
ent, the significance of these globules is un¬
known. These same adrenals also show fre¬

quent areas of focal cellular necrosis
throughout the zona fasciculata and zona
reticularis (Fig. 4).

Plasma electrolytes. Table 3 indicates the
mean plasma sodium and potassium con-

Table 2. Quantitative evaluation of morphologic changes in kidney and heart

Weeks of Kidney Heart

treatment treatment
% Incidence % Severity % Incidence % Severity

Control 6 12 3 3 1

Metopirone
10 mg

6 50 13 19 5

Metopirone
10 mg X2

6 75 27 63 21
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Fig. 2. Kidney from rat made hypertensive by
treatment with 10 mg of Metopirone twice daily for
42 days. Glomerular hyaline degeneration, ar¬
teriolar sclerosis and dilated tubules containing
casts are apparent. (Periodic acid Schiff stain,
X68.)

centrations for the control and Metopirone-
treated rats after six weeks' treatment. It
is apparent that the group receiving Me¬
topirone twice daily showed a significant
hypernatremia and hypokalemia. The elec¬
trolyte concentrations for those rats treated
once a day did not differ significantly from
those of the controls.

Incubations and plasma DOC
Chronic studies. Adrenals were quickly

removed from all rats at the time of sac¬

rifice, pooled by group, and homogenates
immediately prepared. Although the re¬
sults of individual experiments are pre¬
sented here, the studies reported have been
performed on numerous occasions with the
results always being comparable to those
below. Incubations were carried out in du¬
plicate with added radioactive progesterone
and the percentage conversion of the pro¬
gesterone to DOC, B and 18-OH-DOC for
each group was calculated (Fig. 5). Be-

Fig. 3. Cardiac arterioles from rat made hyper¬
tensive by treatment with 10 mg of Metopirone
twice daily for 42 days. Both arterioles are char¬
acterized by sclerotic changes and surrounded by a
proliferative fibroblastic response. (Periodic acid
Schiff stain, X130.)

cause of the impossibility of presenting a
statistical evaluation of this data, Table 4
presents confirmatory data obtained in
two similar experiments. It is apparent
that the 11/3-hydroxylating ability of the
adrenals from the rats treated with Me¬

topirone, as measured in vitro, was not
impaired since DOC was quite readily con¬
verted to B by these homogenates. The
amount of DOC that accumulated in the
incubation media was no greater than that
in the control incubations. However, the
last injection of Metopirone had been ad¬
ministered 24 hours prior to the time of
sacrifice, and it therefore seemed reason¬
able that in this time period the effects of
Metopirone might well have diminished.

Peripheral plasma which was collected
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Table 3. Plasma sodium and potassium concen¬
trations in control and Metopirone-

treated rats

Group Na (mEq/1) K (mEq/1)

Controls 141.5+1.7* 5.7+0.1

Metopirone 140.9+1.1 5.4+0.2
10 mg

Metopirone 145.8 il.lt 4.5 +0.1t
10 mgX2

* Standard error of the mean,

t p <0.05 (vs. controls).

at sacrifice and pooled by group was as¬
sayed for DOC. Two determinations were
performed for each group. Five ml of
plasma was extracted for each determina¬
tion. The method employed could measure
DOC at a concentration of 100 ng/100 ml
or greater. No DOC was detectable in the
plasma of control rats, so its normal con¬
centration must be less than 100 ng/100 ml.
The group receiving Metopirone once daily
had a mean plasma DOC level of 375 ng/
100 ml. Those rats treated twice daily
showed a plasma DOC concentration of
4.65 /ig/100 ml. So, although the adrenals
of the Metopirone-treated rats had re¬
covered their ability to 11/3-hydroxylate
by the time of sacrifice, there had appar¬
ently been sufficient in vivo inhibition of
11/3-hydroxylation during the course of

treatment to produce an increased seen
tion of DOC, with the resultant increaf
in its plasma concentration.

Acute studies. In order to determir
whether or not inhibition of 11/3-hydro:
ylation could be demonstrated in vitro
sacrifice were performed sooner after tl
administration ofMetopirone, several shor
term experiments were performed. In tl
first of these, groups of five rats receive
either 10 or 20 mg of Metopirone ip at 8: C
am and 12 noon. Controls received only tl
vehicle. All were sacrificed one hour aft<
the second injection. Adrenal homogenafi
were incubated in duplicate as before, wit
the results shown in the lower half of Fig. I
(Additional incubation studies from oth<
similar experiments are presented in Tab
5.) The upper half of this figure shows tl
concentration of DOC in the pooled plasir
of the same animals whose adrenals wei

incubated. A similar experiment was carrie
out with sacrifice occurring four hours afti
the second injection. The results of this e:

periment are shown in Fig. 7. It is evidei
from these figures that, when treated ra
were sacrificed either one or four hours aft<
the last injections of Metopirone, there w£
obvious inhibition of 11/3-hydroxvlatic
demonstrated in vitro as manifest by tl
increased quantities of DOC recovere

Table 4. Effect of chronic in vivo administration of Metopirone to rats on the in vitro metabolism
of progesterone-4-14C by adrenal homogenates

Group and
treatment

No.
of rats

Weeks
treated

% Conversion of progesterone-4-"C to:

Progesterone* DOC B 18-OH-DOC

A. Control 16 5 14.2 7.0 47.8 24.8
15.4 7.6 45.0 21.0

Metopirone 22 5 10.1 6.3 50.3 21.7
5 mg 14.1 4.7 45.9 25.9

Metopirone 22 5 11.1 9.9 42.8 23.8
10 mg 12.7 9.1 39.6 18.0

B. Control 7 5 6.2 4.1 60.9 23.7
2.1 1.2 58.7 29.4

Metopirone 12 5 6.9 2.2 55.2 24.5
5 mg 6.5 3.1 69.7 20.7

Metopirone 12 5 6.4 4:6 63.5 20.6
10 mg 2.4 1.0 60.9 24.2

Rats were sacrificed 24 hr after the final administration of Metopirone. Incubation conditions wen
exactly as described in Materials and Methods.

* Unmetabolized progesterone.
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PROG DOC

mm
Fig. 4. Section of adrenal cortex from rat made
hypertensive by treatment with 10 mg of Meto-
pirone twice daily for 42 days. The cells of both the
zona glomerulosa (top) and zona fasciculata con¬
tain numerous large and small PAS-positive colloid
globules, although these are more numerous in the
zona glomerulosa cells. There are many cells that
appear to be undergoing necrosis dispersed through¬
out the zona fasciculata and zona reticularis.
(Periodic acid Schiff stain, X170.)

from the incubation media as compared
with controls. Elevation in plasma DOC
levels was also seen at these time periods.
However, by four hours, the effect of Me-
topirone appeared to have diminished con¬
siderably, since substantially more DOC
was converted to B in vitro at this time
than at one hour, and the plasma concen¬
tration of DOC was similarly lower.

In separate studies, rats received 10 mg
of Metopirone at 8:00 AM and again at
12 noon. Controls received vehicle alone.

They were sacrificed one or four hours later
and adrenal mitochondria were isolated
and incubated with DOC-4-14C. The
amount of DOC converted to corticosterone
and 18-OH-DOC is presented in Table 6.
It is apparent that the adrenal mitochon¬
dria from the Metopirone-treated groups

IB S 18-OH-DOC

Pig. 5. Biosynthesis of corticosterone (B), 11-
deoxycorticosterone (DOC) and 18-OH-ll-deoxy-
corticosterone (18-OH-DOC) from progesterone-
4-14C (PROG) by adrenal gland homogenates from
controls and rats treated with 10 mg of Metopirone
either once (d.) or twice (b.i.d.) daily for 42 days.
All rats were sacrificed 24 hr after the final ad¬
ministration of Metopirone.

were impaired in their ability to hydrox-
ylate DOC as compared with controls.

Discussion

In man the hypertensive variant of con¬

genital adrenal hyperplasia has been gen¬
erally attributed to a congenital defect in
11/3-hydroxylation (8). This conclusion is
based primarily upon the demonstration
of an increased concentration of 11-deoxy
adrenal metabolites in the urine of these
patients. Direct studies upon these adre¬
nals, however, have not been performed. In
addition, impaired adrenal cortical 11/3-
hydroxylation had been thought to pro¬
vide a mechanism for the development of
several models of experimental hyper¬
tension in the rat (1, 2). In the rat such a
defect would presumably result in over¬

production and oversecretion of 11-deoxy-
corticosterone (DOC), and it is well estab¬
lished that treatment of rats with DOC
and salt produces severe hypertensive car¬
diovascular disease (9).

In rats with methylandrostenediol
(MAD) or adrenal regeneration hyper¬
tension, elevated plasma levels of DOC
have been demonstrated (10, 11). How¬
ever, it has yet to be shown that the DOC
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Table 5. Metabolism of progesterone-4-14C by adrenal homogenates from rats
sacrificed one hour after Metopirone administration

Dose of N
Group Metopirone . .

(mg) ot rats
% Conversion of progesterone-4-14C to:

A. Control

Metopirone

Metopirone

Metopirone

B. Control

Metopirone

5

10

20

10

6

6

6

6

10

10

Progesterone* DOC B 18-OH-DOC

21.6 12.9 37.2 19.1
19.4 10.7 42.3 23.1

30.0 19.9 29.8 13.9
26.2 21.7 30.3 12.7

33.0 36.2 17.7 9.9
29.7 31.7 24.2 9.2

19.3 45.4 21.2 11.0
22.7 43.9 20.7 8.9

8.5 7.2 55.1 23.7
4.9 4.9 59.5 25.2

7.2 31.2 32.7 17.9
6.7 25.8 35.1 19.8

Incubation conditions were exactly as described in Materials and Methods.
* Unmetabolized progesterone.

levels reported are independently capable
of producing hypertension. This problem
is complicated by the broad spectrum of
physiologic alterations induced by the ad¬
ministration of a potent androgen (MAD)
or by adrenal enucleation.

The production of hypertension in the
rat by the administration of a compound
such as Metopirone which acts rather spe¬
cifically as a competitive inhibitor of adre¬
nal 11/3-hydroxyiase (4) lends support to
the theory that reduced activity of this en¬
zyme is a valid mechanism for the develop¬
ment of hypertensive disease. A similar

finding has been reported for the dog (12)
but since this species also produces Cortisol
the relative roles of 11-deoxycortisol and
DOC must still be evaluated in the etiology
of the hypertension. Metopirone admin¬
istration to the rat, however, could only
result in an oversecretion of DOC, because
of the absence of a 17-hydroxylating sys¬
tem in the rat adrenal cortex. One is there¬
fore on safer grounds in attributing the
hypertension solely to excess DOC pro¬
duction coupled with excessive sodium
chloride intake.

DOC levels in the peripheral plasma of

Table 6. Metabolism of deoxycorticosterone-4-I4C by adrenal mitochondria from rats sacrificed one
and four hours after Metopirone administration

Group No. of rats
Time after

administration
(hr)

% Conversion of DOC-4-14C to:

DOC* B 18-OH-DOC

A. Control 10 35.4 38.8 20.2
37.4 40.1 15.8

Metopirone 10 1 59.4 24.5 12.5
59.1 25.9 11.3

B. Control 10 59.2 27.4
— 55.4 28.7

Metopirone 10 1 36.3 35.7 15.2
41.9 32.9 16.1

Metopirone 10 4 29.6 41.7 20.8
26.4 43.8 21.2

Incubation conditions were as described in Materials and Methods.
* Unmetabolized DOC.
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Fig. 6. Peripheral plasma 11-deoxycorticosterone
(DOC) concentrations (upper) and biosynthesis of
corticosterone (B), DOC and 18-OH-ll-deoxy-
corticosterone (18-OH-DOC) from progesterone-
4-HC (PROG) by adrenal gland homogenates
(lower) of control and Metopirone-treated rats.
Experimental rats were administered either 10 or 20
mg of Metopirone ip at 8:00 am and again at 12
noon. All were sacrificed 1 hr after the second ad¬
ministration. Plasma DOC levels are expressed in
Mg/100 ml (pg%).

those rats receiving only one daily injec¬
tion of Metopirone were somewhat ele¬
vated. The magnitude of this elevation
could not be specifically determined in our
studies because the DOC concentration in
the peripheral plasma of control rats was
below the sensitivity of the technique em¬

ployed to measure DOC. However, as¬
suming the levels of DOC in the control
rats to be similar to those in a previous re¬
port (11), this group then showed approx¬
imately a 4-fold increase in plasma DOC
as compared to the control group. This in¬
crease could account for the differences in
blood pressures and lesion indices between
these two groups. The plasma DOC con¬
centration of those rats receiving Meto¬
pirone twice daily was more than ten times

H PROG ■ DOC

El B S 18-OH-DOC

Fig. 7. Peripheral plasma 11-deoxycorticosterone
(DOC) concentrations (upper) and biosynthesis of
corticosterone (B), DOC and 18-OH-ll-deoxy-
corticosterone (18-OH-DOC) from progesterone-
4-14C (PROG) by adrenal gland homogenates
(lower) of control and Metopirone-treated rats.
Experimental rats were administered either 10 or 20
mg of Metopirone ip at 8:00 am and again at 12
noon. All were sacrificed 4 hr after the second ad¬
ministration. Plasma DOC levels are expressed in
Mg/100 ml (jig%).

greater than in those treated only once a

day. This tremendous increase in DOC pro¬
duction was accompanied by highly sig¬
nificant alterations in the other parameters
measured as well. These observations are

consistent with the hypothesis that ex¬
cessive DOC secretion is responsible for
the hypertension. The elevated DOC levels
also confirmed that the Metopirone was
effectively inhibiting 11/3-hydroxylation in
vivo. Although plasma corticosterone levels
have not been measured directly, the adre¬
nal hypertrophy accompanying the hyper¬
tension would suggest that a decrease in
plasma corticosterone had occurred, re¬

leasing the feedback inhibition of ACTH
secretion by the pituitary.

The hypernatremia and hypokalemia
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found in the rats treated twice daily with
Metopirone was similar to that produced
by the exogenous administration of DOC
(13, 14). Similarly, the lesions described in
these animals were identical with those
found in rats made hypertensive with DOC
and salt (9).

Incubations carried out with the adre¬
nals of Metopirone-treated rats indicated
that the inhibition of 11/3-hydroxylation
produced by this drug was short-lived and
that certainly within 24 hours after treat¬
ment adrenal function returned to normal.
Even rats treated twice daily for six weeks
showed no inhibition of 11/3-hydroxylation
as measured in vitro, when they were sac¬
rificed 24 hours after the final injection.
However, when rats received two injections
of comparable doses of Metopirone and
were sacrificed at either one or four hours
after the second dose, adrenal homogenates
showed an impaired ability to convert
added progesterone to corticosterone, there
being an accumulation of DOC. This ac¬
cumulation was greatest after one hour
and by four hours had diminished consid¬
erably. This also was reflected in the plas¬
ma DOC concentrations at these time pe¬
riods, with the highest concentration ex¬

isting at one hour, and being somewhat
diminished at four hours. Similarly, mito¬
chondria from the adrenals of rats sacri¬
ficed one hour after the administration of

Metopirone were unable to convert added
DOC to corticosterone as effectively as
control mitochondrial preparations. These
findings suggest that, in the course of
chronic treatment of rats with Metopirone
to produce hypertension, 11/3-hydroxyl¬
ation is blocked for only a few hours after
each injection. Apparently, then, the pro¬
duction of hypertension via the inhibition
of 11/3-hydroxylation does not require a
constant block, but merely one of sufficient
severity and duration to result in an ad¬
equate output of DOC. A more severe hy¬
pertension could probably be produced by
the more frequent administration of Me¬
topirone. Studies in man (15) indicate that
Metopirone does in fact have a short half-
life.

Since the adrenals collected from the 1

pertensive rats showed no impairment
11/3-hydroxylation as measured in vit
while plasma collected at the same tii
(24 hr after the last injection) from tin
same rats contained considerably higl
DOC levels than the controls, it appe;
that, although the inhibition of 11/3-1
droxylation may have been intermitte/
the concentration of DOC in the plasi
was probably continuously elevated duri
the course of treatment. This might be <

plained by the failure of the liver to eff<
tively metabolize the increased quant:
of DOC being secreted by the adrenal o
tex. The possibility that Metopirone
rectly inhibits the hepatic metabolism
DOC is now being investigated in this k
oratory.

Acknowledgments
The authors wish to thank Dr. J. J. Chart

CIBA Pharmaceutical Co., Summit, N. J.,
generously supplying the Metopirone.

We are grateful for the excellent technical as;
tance provided by Judith Jozwiak, J. R. Sibu
Luther Joseph, Geneva Joseph, Robert Linsmi
and Elizabeth Lawson. Barbara Pierzchala kin
prepared the final manuscript.

References
1. Brownie, A. C., and F. R. Skelton, Steroids

47, 1965.
2. , In McKerns, K. W. (ed.), Functii

of the Adrenal Cortex, vol 2, Appleton-C
tury-Crofts, New York, 1968, p. 691.

3. Liddle, G. W., D. Island, E. M. Lance, a
A. P. Harris, J Clin Endocr 18: 906, 1958.

4. Domiguez, O. V., and L. T. Samuels, Em
crinology 73: 304, 1963.

5. Rapp, J. P., and K. B. Eik-Nes, Anal Bioch
15: 386, 1966.

6. Hogeboom, G. H., and W. C. Schneider, J E
Chem 186: 417, 1950.

7. Lowry, O. H., N. J. Rosebrough, A. L. Fa
and R. J. Randall, J Biol Chem 193: 265, 19

8. Eberlein, W. R., and A. M. Bongiovanni,
Biol Chem 223: 85, 1956.

9. Selye, H., C. E. Hall, and E. M. Rowl
Canad Med Ass J 49: 88, 1943.

10. Hyde, P. M., and E. A. Daigneault, Steroids
721, 1968.

11. Rapp, J. P., Endocrinology 84: 1409, 1969.
12. Adlin, E. V., and B. J. Channick, Endocrin

ogy 78: 511, 1966.
13. Kuhlmann, D., C. Ragan, J. W. Ferreb

D. W. Atchley, and R. F. Loeb, Science S
496, 1939.

14. Woodbury, D. M., Amer J Physiol 174:
1953.

15. Sprunt, J. G., M. C. K. Browning, and D.
Hannah, Proc Roy Soc Med 60: 908, 1967.



37
"^Reprinted from Archives of Biochemistry and Biophysics, Volume 138, No. 2, June 1970

Copyright © 1970 by Academic Press, Inc. Printed in U.S.A.

ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS 138, 632-639 (1970)

In Vivo Interaction of Metyrapone with Adrenal Cortical
Mitochondrial Cytochrome P-450

HnwAun r> noi.w 4Wr> at.f."X"antyp,.p p tvrowntf,



Reprinted from Archives of Biochemistry and Biophysics, Volume 138, No. 2, June 1970
Copyright © 1970 by Academic Press, Inc. Printed in U.S.A.

archives of biochemistry and biophysics 138, 632-639 (1970)

In Vivo Interaction of Metyrapone with Adrenal Cortical
Mitochondrial Cytochrome P-450

HOWARD D. COLBY and ALEXANDER C. BROWNIE

Departments of Pathology and Biochemistry, State University of New York at Buffalo,
Buffalo, New York H214

Received February 6, 1970; accepted April 5, 1970

Metyrapone, a competitive inhibitor of adrenal cortical 11/3-hydroxylation, was
administered to rats in vivo, and these rats were sacrificed 0.5, 1, 2, 4, 8, and 24 hr
later. The in vitro rates of 11/3-hydroxylation by adrenal mitochondria were maxi¬
mally inhibited between 0.5 and 2 hr after metyrapone administration with subsequent
recovery at later times. The DOC-induced spectral shift in these same mitochondria
was markedly reduced 0.5 hr after metyrapone treatment, but gradual increments
were apparent at each succeeding time period studied until control values were again
achieved after 24 hr. The metyrapone-induced difference spectra, on the other hand,
were markedly and consistently depressed at least until 8 hr after metyrapone admin¬
istration but had completely recovered by 24 hr. The altered DOC-induced spectral
shifts following metyrapone treatment appear to correlate with the activity of the
11/3-hydroxylation system.

The role of metyrapone as a competitive
inhibitor of adrenal cortical 11/3-hydroxyla-
tion is well established (1-3). Although
generally conceded that the duration of its
effect is short-lived (4-6), little work has
been done in establishing the relative capac¬
ity of metyrapone to inhibit 11/3-hydroxyla¬
tion at various times after its administration.

In addition, it has recently been demon¬
strated that when metyrapone is added
directly to a partially purified adrenal mito¬
chondrial cytochrome P-450 preparation, a
characteristic spectral change results (7-9),
presumably the result of an interaction
between metyrapone and P-450. The addi¬
tion of metyrapone to adrenal mitochondria
also reduces the spectral shift obtained after
any subsequent DOC titration (8, 9).

The following study was conducted to
evaluate the rates of adrenal mitochondrial
11/3-hydroxylation and the nature of the
spectral shift obtained with metyrapone and
DOC at different times after the in vivo
administration of metyrapone to rats.

MATERIALS AND METHODS

Metyrapone was dissolved in very dilute hydro¬
chloric acid and administered by intraperitioneal
injection (10 mg metyrapone/0.2 ml) to 42-day-
old female Sprague-Dawley rats obtained from
Charles-River Co. Each experimental rat received
10 mg of metyrapone, and groups of 10 rats each
were sacrificed 0.5, 1, 2, 4, 8, and 24 hr later. Con¬
trols were injected with vehicle alone.

Adrenals were rapidly collected, weighed, and
pooled by group. Homogenates were prepared in
sucrose (0.25 m)-Tris(0.001 m) buffer, pH, 7.4 and
adrenal mitochondria isolated from pooled adrenal
homogenates by differential centrifugation (10).
The mitochondria were then suspended in the same
buffer at a concentration of mitochondria equiva¬
lent of 50 mg tissue/1.0 ml.

One milliliter of mitochondrial suspension was
incubated with 150 nmoles of 11-deoxycorticoster-
one in 0.1 ml ethanol and 4.0 ml of buffer con¬

taining 0.1 m Tris-chloride, 0.005 m KC1, 0.005 m
MgCL, 0.008 m NaCl, 0.005 m sucrose, pH 7.4, and
also isocitrate (100 mg/100 ml). Rates of 11/3-hy¬
droxylation were determined by withdrawing 0.5-
ml aliquots of incubation medium at 2-min inter¬
vals from the start of incubation until 10 min

632
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elapsed, and the amount of corticosterone present
in each was determined by sulfuric acid fluores¬
cence (11,12).

Adrenal mitochondrial P-450 levels were meas¬

ured employing an Aminco-Chance dual wave¬
length scanning recording spectrophotometer
using the techniques reported by Cammer and
Estabrook (13). This same instrument was used to
record the DOC and metyrapone-induced spectral
change in adrenal mitochondria. Mitochondrial pro¬
tein concentrations were determined by the
method of Lowry et at. (14).

RESULTS

Rates of 11 fi-Hydroxylation
It is apparent from Table I that control

mitochondria demonstrated the greatest
rates of corticosterone production in vitro.
Significant inhibition of 110-hydroxylation
was evident 0.5 hr after the administration
of metyrapone, without much change
through 2 hr. However, by 4 hr after

TABLE I

Effect of in Vivo Administration of

Metyrapone on the Rates of 110-
Hydroxylation by Adrenal

Mitochondria in Vitro

Number Protein
(mg/ml)

Cyto¬
chrome
P-450

(nmoles/
mg

protein)

Rates of corticos¬
terone formation

Group of
rats

nmoles/
min/mg
protein

%
Control

Control 10 1.56 2.24 26.5
27.1

—

Metyrapone
0.5 hr

10 1.54 2.22 9.4
9.5

35

Metyrapone
1 hr

10 1.51 2.13 7.4
7.2

27

Metyrapone
2 hr

10 1.50 2.11 6.9
6.0

24

Metyrapone
4 hr

10 1.38 2.06 12.1
11.1

43

Metyrapone
8 hr

10 1.61 2.18 18.8
17.9

69

Metyrapone
24 hr

10 1.48 2.28 20.2
21.2

77

metyrapone treatment, the rates started to
recover until at 24 hr, the rates of 11/3-
hydroxylation were approaching control
values, although still somewhat reduced.

DOC-Inducecl Spectral Change
It has previously been demonstrated that

when DOC is added to bovine adrenal cor¬

tical mitochondria, a difference spectrum is
induced with an absorption maximum at
385 m/i and a minimum at 420 m/x(15). This
observation has recently been confirmed for
rat adrenal mitochondria (16).

Adrenal mitochondrial aliquots from the
different groups were titrated with DOC,
and the magnitude of the induced spectral
change (AA385-42o) for each DOC addition
was calculated. It is evident that metyrapone
treatment did produce a reduction in the
DOC-induced spectral changes (Table II).
The greatest decrease in AA385-42o per nmole
of cytochrome P-450 was seen 0.5 hr after
the administration of metyrapone. There was
a gradual recovery in the magnitude of the
spectral shift induced by DOC with in¬
creasing time, until at 24 hr postmetyrapone,
it was comparable to control values. Figures
1 and 2 show the spectra obtained after
DOC titration of the mitochondria from
controls and 1 and 24 hr after metyrapone
administration.

Metyrapone-induced Spectral Change
Metyrapone titrations were also per¬

formed upon adrenal mitochondrial suspen¬
sions from control and metyrapone-treated
rats. The spectra resulting showed an absorp¬
tion maximum at 425 m/i and a minimum at
405 my in control mitochondria. There was
a shift in the metyrapone-induced peak (422
m^) and trough (390 my) locations 0.5 hr
after metyrapone treatment with a gradual
restoration at succeeding time periods until
at 24 hr the induced difference spectrum
approximated that of controls (Table II).

The administration of metyrapone also
resulted in a marked decrease in the magni¬
tude of the spectral response of adrenal
mitochondria to the in vitro addition of
metyrapone (Table II). The spectral change
obtained with the mitochondria from rats
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TABLE II

Effect of Metyrapone Administration to Rats
on the DOC- and metyrapone-lnduced

Spectral Changes in Adrenal
Mitochondria

Group
DOC
added
(eg)

AA 385-420/
nmole P-450 Metyra¬

pone
added

(Mg)

A.4"/nmolc
P-450

Abso¬
lute

%
Con¬
trol

Abso¬
lute

%
Con¬
trol

Control 1.0 0.0108 1.0 0.0095
2.5 0.0179 — 2.5 0.0122 —

4.0 0.0227 — 4.0 0.0132 —

Metyrapone 1.0 0.0032 30 1.0 0.0044 46
0.5 hr 2.5 0.0070 39 2.5 0.0061 50

4.0 0.0099 44 4.0 0.0076 58

Metyrapone 1.0 0.0041 38 1.0 0.0047 50
1 hr 2.5 0.0097 54 2.5 0.0068 56

4.0 0.0137 60 4.0 0.0069 52

Metyrapone 1.0 0.0074 69 1.0 0.0038 40
2 hr 2.5 0.0135 75 2.5 0.0049 40

4.0 0.0176 78 4.0 0.0056 42

Metyrapone 1.0 0.0081 75 1.0 0.0033 35
4 hr 2.5 0.0180 88 2.5 0.0044 36

4.0 0.0235 90 4.0 0.0047 36

Metyrapone 1.0 0.0086 80 1.0 0.0036 38
8 hr 2.5 0.0167 93 2.5 0.0045 37

4.0 0.0215 95 4.0 0.0049 37

Metyrapone 1.0 0.0118 109 1.0 0.0101 106
24 hr 2.5 0.0202 113 2.5 0.0125 103

4.0 0.0247 109 4.0 0.0135 102

a Metyrapone-induced absorption maxima and
minima for each group were the following: control,
425-405 m/x; metyrapone 0.5 hr, 422-390 m/t;

metyrapone 1 hr, 423-392 niju; metyrapone 2 hr,
423-402 m/i; metyrapone 4 hr, 423-404 mju; mety¬
rapone 8 hr, 423-404 m/a; metyrapone 24 hr, 425-
405 mix. See text for explanation.

sacrificed Y2 hr after metyrapone treatment
was about 50% that of controls. This de¬
crease in the metyrapone-induced spectral
shift was apparent up until 8 hr post-
metyrapone, but by 24 hr the response
returned to control levels. Representative
spectra obtained after metyrapone additions
to adrenal mitochondria are shown in Fig. 3
and 4.

DISCUSSION

It has been generally accepted that the
duration of action of metyrapone in inhib¬
iting 11/3-hydroxylation is quite short. When
500 mg of metyrapone was administered
orally to human subjects, there was an
escape from adrenal inhibition after 4 hr, as
reflected by increased plasma Cortisol levels
(4). Peak plasma levels of metyrapone were
achieved 1 hr after its ingestion while the
greatest fall in plasma 11-hydroxycorticoids
occurred from 1 to 2 hr after metyrapone
administration (5). The half-life of mety¬
rapone in humans was reported to range
from 20 to 26 min. When metyrapone was
administered chronically to dogs, significant
inhibition of 11/3-hydroxylation was detect¬
able for only a few hours after each adminis¬
tration (17). Previous studies in our labora¬
tory (18) have revealed that when rats were
sacrificed 1 hr after metyrapone treatment,
elevated plasma levels of DOC were demon¬
strable as was impaired 11/3-hydroxylation
by adrenal homogenates and mitochondria
in vitro. These effects, while still apparent 4
hr after the administration of metyrapone,
are considerably less than at 1 hr.

The results of the present study agree
fairly well with previously published data.
The lowest rates of 11/3-hydroxylation by
adrenal mitochodria were obtained from 0.5
to 2 hr after the administration of metyra¬
pone. The rates obtained did not vary
considerably during this time range. With
each succeeding time period, an increment
in adrenal function was detectable, but even
24 hr after metyrapone was injected the
rates of 11/3-hydroxylation had not returned
to normal.

It has been shown that the addition of
metyrapone to adrenal mitochondria or
partially purified adrenal mitochondrial
cytochrome P-450 preparations produces a
characteristic spectral change (7-9). In
addition, the DOC-induced difference
spectra is inhibited (8, 9). These findings
have led many to suggest that the mech¬
anism of action of metyrapone involves its
interaction with mitochondrial cytochrome
P-450, the terminal oxidase for 11/3-hydrox¬
ylation (19, 20), thereby preventing the
binding of DOC to cytochrome P-450 and
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Fig. 1. DOC-indueed spectral changes ill suspensions of adrenal mitochondria from con¬
trols (left) and rats sacrificed 1 hr after metyrapone administration (right). Six milliliters
of mitochondrial suspension (protein content indicated in Table I) obtained from each
group were equally divided between two cuvettes and a baseline of equal light absorbance
recorded. The effect of the successive addition of DOC to the sample cuvette was determined
by subtracting the baseline from the spectra obtained and replottingthe resulting difference
spectra. Spectra were obtained at room temperature. DOC concentrations were (1) 0.5 mm
(2) 1.0mm (3) 2.5 MM (4) 4.0 mM.

inhibiting its (DOC) conversion to corti-
costerone.

The results presented here indicate that
the in vivo administration of metyrapone to
rats may also profoundly influence the mag¬
nitude of the DOC- and metyrapone-induced
spectral changes subsequently obtained. The
DOC-induced spectral shift was maximally
inhibited 0.5 hr after metyrapone treatment
and gradually escaped inhibition until at 24
hr it had returned to control levels. The
pattern of recovery was similar to that
followed by the in vitro rates of 11/3-hydrox-
ylation at similar time periods, with one
notable exception: whereas the magnitude of
the DOC-induced spectral change increased
considerably between 0.5 and 2 hr after
metyrapone treatment, the rates of corti-
costerone formation remained markedly
depressed.

These results would seem to indicate some

lag period between the time DOC can dis¬
place metyrapone from cytochrome P-450
and its actual hydroxylation to corticos-
terone. It is possible that metyrapone
inhibits 11/3-hydroxylation through more
than one mechanism. Recent findings indi¬
cate that metyrapone impairs the rate of
reduction of adrenal mitochondrial cyto¬
chrome P-450, even in the absence of DOC
substrate, suggesting that more than simple
competitive binding to cytochrome P-450 is
involved in its inhibition of 11/3-hydroxyla-
tion (21). If there is, in fact, a second
mechanism through which metyrapone acts,
producing a longer lasting effect than its
simple binding to cytochrome P-450, the
relationship between the rates of 11/3-
hydroxylation and the magnitude of the
DOC-induced spectral changes becomes
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Fig. 2. Spectral changes resulting from the addition of DOC to adrenal mitochondrial
suspensions from controls (left) and rats sacrificed 24 hr after metyrapone administration
(right). DOC concentrations same as in Fig. 1.

Fig. 3. Spectral changes resulting from the addition of metyrapone to adrenal mito¬
chondrial suspensions from controls (left) and rats sacrificed 1 hr after the administration
of metyrapone (right). Metyrapone concentrations were: (1) 0.75 (2) 1.50 (3) 3.75 juM.
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Fig. 4. Spectral changes resulting from the addition of metyrapone to adrenal mito¬
chondrial suspensions from controls (left) and rats sacrificed 24 hr after the administration
of metyrapone (right). Metyrapone concentrations same as in Fig. 3.
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more comprehensible. Any consideration of
the in vivo effects of metyrapone must of
course also include the possible existence of
more than one species of cytochrome P-450
(22).

The location of the absorption maximum
and minimum induced in adrenal mito¬
chondria by metyrapone 0.5 hr after its in
vivo administration (422-390 m/r) differed
from that obtained in control mitochondria
(425-405 m^i) and, in fact, more closely
resembled an inversion of the DOC-induced
spectrum (385-420 m/j). The following
explanation is offered for this spectral shift:
Both the reference and sample cuvettes,
containing adrenal mitochondria from
metyrapone-treated rats, probably contained
considerable amounts of DOC. This would
be expected since 11/3-hydroxylation was
markedly inhibited in these mitochondria.
In addition, we have previously demon¬
strated that plasma DOC levels are signifi¬
cantly elevated 1 hr after metyrapone
administration (IS). If this is the case, then
the addition of metyrapone to the sample
cuvette would, by occupying unbound
binding sites, produce its characteristic

difference spectrum (425-405 m/z) and by
displacing DOC produce an inversion of the
DOC-induced spectrum. The resulting differ¬
ence spectrum would therefore represent the
arithmetic mean of these two spectral altera¬
tions and would depend upon the concentra¬
tion of DOC in the cuvettes. This hypothesis
is supported by the observation that with
increasing time after the administration of
metyrapone (and therefore with decreasing
levels of DOC) there is a gradual return to
the "pure" metyrapone-induced difference
spectrum. Furthermore, we have found that
the in vitro addition of DOC to control
mitochondria produces a similar shift in the
metyrapone-induced difference spectrum
(Fig. 5).

The magnitude of the metyrapone-induced
difference spectrum was substantially dimin¬
ished (50% of control) 0.5 hr after the in vivo
administration of metyrapone and remained
depressed to about the same degree for at least
8 hr. When this observation is evaluated in
conjunction with the rates of 11/3-hydroxyla-
tion and the DOC-induced spectral changes
at the same time periods, it would seem that
metyrapone does remain bound to cyto-
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Fig. 5. Spectral changes resulting from the ad¬
dition of metyrapone (1.50 mm) to adrenal mito¬
chondrial suspensions from untreated rats both in
the absence (solid line) and presence (broken line)
of exogenous DOC (2.5 mm) in both cuvettes. Mito¬
chondrial protein concentration was 2.06 mg/ml.

chrome P-450 in vivo for at least 8 hours,
but after about the first hour there is in¬
creasing displacement of metyrapone by
DOC, with the subsequent conversion of
DOC to corticosterone.

Any definitive correlation between our
observations and the mechanism of mety¬
rapone action in vivo cannot presently be
established. One complicating factor is the
lack of a complete understanding of the fate
of metyrapone within the adrenal gland. It
has been demonstrated that the ketonic
group of metyrapone is reduced to a hy-
droxyl function by the rat adrenal (23).
While originally reported to have no effect
upon 11/3-hydroxylation (23), this reduced
derivative may, in fact, be about half as
potent as metyrapone in inhibiting 11/3-
hydroxylase (24). It has been proposed (3)
that this intraadrenal reduction of mety¬
rapone may employ the same electron
transport chain as is employed in the hy-

droxylation of DOC but that this reduction
proceeds at a much slower rate. The high
affinity of metyrapone for 11/3-hydroxylase
and the slow turnover of the 11/3-hydroxylase
electron transport chain might then provide
the basis for inhibited 11/3-hydroxylation. If
reduced metyrapone can still compete for
binding sites on cytochrome P-450, but with
a lesser affinity than metyrapone, then more
DOC would be expected to interact with
cytochrome P-450 as more of the mety¬
rapone is converted to the reduced deriva¬
tive. And, if the difference spectrum induced
by this compound approximates that of
metyrapone, the in vitro addition of mety¬
rapone should not distinguish spectrally
between the presence of the two compounds.
These hypotheses are in accord with our

reported observations.
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ABSTRACT

A comparison of the effects of metyrapone* and its major metabolite
(SU-5236) upon adrenocortical steroid llg-hydroxylation has been
carried out. When either compound was added to rat adrenal mito¬
chondria in_ vitro, significant inhibition of corticosterone
production was apparent. The spectral change induced by the reduced
metabolite was identical to that produced by metyrapone. Similarly,
both compounds substantially reduced the magnitude of the 11-deoxy-
corticosterone-induced difference spectrum. These same effects were
demonstrable in adrenal mitochondria following the administration of
either compound to rats in vivo. In each case, the inhibitory
effects of SU-5236 were nearly as great as those of metyrapone itself,
indicating that the conversion of metyrapone to this metabolite
cannot account for the inactivation of this potent inhibitor of 113-
hydroxylation.

Metyrapone is a well known inhibitor of adrenal steroid 113-

hydroxylase in man and animals (2,3). In man this compound has been

extensively used to test the function of the pituitary-adrenocortical

axis (4,5,6). It has been recently shown that metyrapone is converted

to a reduced metabolite by rat adrenal, kidney and liver in vitro (7).

This metabolite is 2-methyl-l,2-bis(3-pyridyl)-l-propanol (SU-5236)

and it is apparently excreted both free and as the glucuronide in

urine (8). The ability of the SU-5236 to inhibit steroid 113-

hydroxylase is of some importance in any consideration of the

biological action of metyrapone and there are contradictory reports

in the literature concerning this point. Some indicate that this
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compound is as effective an inhibitor of steroid llfS-hydroxylase as

metyrapone (9,10,11), whereas others (7,12) suggest that it has little

inhibitory activity. As it is the last report (12) which is most

often cited, the present study was undertaken in an attempt to

clarify this point.

Metyrapone and SU-5236 were added directly to rat adrenal mito¬

chondria and rates of corticosterone formation by those mitochondria

measured. In addition, the interaction of these compounds with the

cytochrome P-450 system of rat adrenal mitochondria was investigated.

In further studies, metyrapone and SU-5236 were administered to rats,

adrenal mitochondria then isolated and the same parameters evaluated

as in the in vitro experiments. The results indicate that SU-5236 is

nearly as effective an inhibitor of llg-hydroxylation in the rat

adrenal cortex as metyrapone itself, and appears to exert this effect

through a mechanism similar to that of metyrapone.

MATERIALS AND METHODS

Female, 42-day-old Sprague Dawley and Fischer rats from the
Charles River Co. were used. Metyrapone and SU-5236 were dissolved
in very dilute hydrochloric acid just prior to the administration of
10 mg of either compound by intraperitoneal injection to rats. For
in vitro studies these compounds were added to mitochondrial
suspensions dissolved in small volumes of pure ethanol.

Rats were killed by decapitation, adrenals rapidly removed,
trimmed, weighed and pooled by group. Homogenates were prepared in
sucrose (0.25M)-Tris (0.001M) buffer, pH 7.4, and adrenal mitochondria
isolated by differential centrifugation (13). The mitochondria were
then suspended in the same buffer at a concentration of mitochondria
equivalent to 50 mg tissue per 1.0 ml.

One ml of the mitochondrial suspension was incubated in duplicate
with 150 nanomoles of 11-deoxycorticosterone in 0.1 ml ethanol and
4.0 ml of buffer containing 0.1 M Tris-chloride, 0.005 M KC1, 0.005 M
MgCl^, 0.008 M NaCl, 0.25 M sucrose, pH 7.4, and also isocitrate
(100 mg per 100 ml). Rates of 116-hydroxylation were determined by
withdrawing 0.5 ml aliquots of incubation medium at 2 minute intervals
from the start of the incubation until 10 minutes had elapsed and
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the amount of corticosterone present in each aliquot determined by
sulfuric acid fluorescence (14).

For mitochondrial incubations with radioactive 11-deoxy-
corticosterone (DOC), 0.15yCi of D0C-4-14c (S.A. 0.65 mCi/mM) was
added in place of the cold DOC, incubated for 10 minutes in air and
steroid analyses performed as previously described (15).

Spectral studies and cytochrome P-450 assays were carried out
as previously described (16) by methods based on those of Cammer and
Estabrook (17). An Aminco-Chance, dual wavelength recording
spectrophotometer was used for the determination of spectra.
Mitochondrial protein concentrations were determined by the method of
Lowry et al (18).

RESULTS

Effect of Metyrapone and SU-5236 added in vitro

In Table 1 it can be seen that the addition of metyrapone at a

final concentration of 5x10 SM to control rat adrenal mitochondria

produced the expected decrease in the rate of formation of

corticosterone from DOC. Thus llg-hydroxylation was inhibited by

about 60 per cent. Similarly, whereas control mitochondria converted
14

almost all of the D0C-4- C to corticosterone and 18-hydroxy-ll-deoxy-

corticosterone, the major secretory products of the rat adrenal cortex,

the metabolism of DOC was markedly reduced in the presence of metyrapone

with most of the radioactivity being recovered as unmetabolized DOC.

It can also be seen that SU-5236 at the same concentration led to

a similar decrease in corticosterone formation with about 50 per cent

inhibition of 118-hydroxylation occurring.

Six ml aliquots of mitochondrial suspension were equally divided

between two cuvettes in the Aminco-Chance spectrophotometer and

metyrapone or SU-5236 added to one cuvette. It has been previously

demonstrated that when metyrapone is added directly to a partially

purified adrenal mitochondrial cytochrome P-450 preparation, a
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Table I. The Effects of Metyrapone and SU-5236 on the Rates of
llg-Hydroxylation and Metabolism of 11-Deoxycorticosterone-
4-14q by pab Adrenal Mitochondria.

14
Group Per cent conversion of DQC-4- C to: Rates of

DOC* B 18-OH-DOC Corticosterone
Production

nmoles/min/mg protein

Control 14.8 52.7 25.2 12.1

17.5 49.3 20.7 11.4

Metyrapone 65.9 15.2 9.7 4.9
(5xl0"5 M) 69.2 13.7 6.5 4.4

SU-5236 58.7 18.7 10.7 5.8

(5xl0~5 M) 55.9 19.1 8.9 4.9

* = Unmetabolized DOC.

characteristic spectral change results (19,20,21), presumably caused

by some interaction between metyrapone and cytochrome P-450. Both

metyrapone and SU-5236 produced spectral shifts with minima at 410 nm

and maxima at 425 nm (Figure 1). The magnitude of the spectral

shift (AA425_4io-' was more or less identical for both compounds. In
addition, each compound, when present in both cuvettes inhibited the

spectral response (385 nm, maximum; 420 nm, minimum) induced by the

addition of DOC to rat adrenal mitochondria (Table II). This

inhibition could be overcome with the addition of greater amounts of

DOC.

Effect of in_ vivo Administration of Metyrapone and SU-5236

Groups of rats were treated with metyrapone or SU-5236 (10



Oct. 1970 STEROIDS 405

SU 5236 METYRAPONE

I A A0.01

X X

390 410 430 450

Wavelength
nm

X X X

390 410 430 450

Wavelength
nm

Figure 1. Spectral changes resulting from the addition of metyrapone
or SU-5236 to normal rat adrenal mitochondria. Six milliliters of

mitochondrial suspension was equally divided between two cuvettes and
a baseline of equal light absorbancy recorded. Metyrapone or SU-5236
at a final concentration of 6yM were then added to one cuvette and

the difference spectra obtained. The data has been replotted.
Mitochondrial protein concentration was 1.48 mg per ml.
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Table II. Effect of Metyrapone and SU-5236 on the DOC-induced
Spectral Change in Rat Adrenal Mitochondria.

Cytochrome DOC
Group P-450 Added AA^g^ ^2o/'nmo-'-e P~450

nmoles/ mg protein pg. Absolute % Control

Control 1.82 1.0 0.0210 -

2.5 0.0570 -

7.0 0.0839 -

Metyrapone 1.82 1.0 0.0000 0.0

(5xl0~5 M) 2.5 0.0010 1.8

7.0 0.0058 6.9

SU-5236 1.82 1.0 0.0000 0.0

(5xl0-5 M) 2.5 0.0012 2.1

7.0 0.0115 13.7

To 6 ml aliquots of adrenal mitochondrial suspension were added either
pure ethanol (control), metyrapone (5x10~5M) or SU-5236 (5xl0~%).
The aliquot was then equally divided between 2 cuvettes in the Aminco-
Chance spectrophotometer and a baseline of equal light absorbance
recorded. DOC was then added to the sample cuvette and the
difference spectrum recorded. The spectra were recorded at room
temperature.
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Table III. Effect of Metyrapone and SU 5236 Administration to Rats on
the Rates of llg-Hydroxylation by Adrenal Mitochondria.

Group
Number

of
Rats

Cytochrome
P-450

nmoles/mg protein

Rates of
Corticosterone

Production

nmoles/min/mg protein

Control 14 1.49 21.8

18.9

Metyrapone 13 1.61 8.9

10 mg 9.4

SU-5236 13 1.59 11.8

10 mg 11.4

The higher rates of corticosterone formation for control rats as
compared to those in Table I is due to the use of a different strain.

mg), killed 30 minutes later and adrenal mitochondria isolated. It can

be seen(Table III) that the in vitro rate of corticosterone formation

was appreciably reduced in rats treated with either compound. D0C-

induced spectral changes were measured and it is evident (Table IV) that

the administration of either compound led to marked decreases in the

A^385-420 va-lues when compared to adrenal mitochondria from untreated
rats. The effect of metyrapone was slightly greater than that of

SU-5236. Thus, the effects of the in vitro addition of these two

compounds to adrenal mitochondria were duplicated by their

administration to the living animal.

In addition, metyrapone or SU-5236 was added directly to

mitochondria isolated from the adrenals of controls and rats which

had been treated with each respective compound. It was found that the
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TableIV.EffectofMetyraponeandSU-5236AdministrationtoRatsontheDOCandMetyraponeorSU-5236 InducedSpectralChangesinAdrenalMitochondria.
Group

DOC Added Rg-

AA

385-420
/nmoleP-450

Metyrapone Added Rg•

AA425-410
/nmoleP-450

SU-5236 Added Rg-

AA425-410
/nmoleP-450

Absolute

%Control

Absolute

%Control

Absolute

%Control

Control

1.0

0.0168

-

1.0

0.0081

-

1.0

0.0094

-

2.5

0.0242

-

2.5

0.0121

-

2.5

0.0121

-

4.0

0.0342

-

4.0

0.0154

-

4.0

0.0188

-

Metyrapone
1.0

0.0031

18

1.0

0.0019

23

10mg

2.5

0.0056

23

2.5

0.0031

26

-

4.0

0.0087

25

4.0

0.0062

40

SU-5236

1.0

0.0057

34

1.0

0.0044

47

10mg

2.5

0.0094

39

-

2.5

0.0063

52

4.0

0.0170

50

4.0

0.0119

63

Adrenalmitochondriawereisolatedfollowingtheadministrationofvehicle,metyraponeorSU-5236tofemale Sprague-Dawleyrats30minutespreviously.MitochondrialsuspensionswereplacedintheAminco-Chance spectrophotometerandaliquotsofDOC,metyraponeorSU-5236added.Spectralchangesweremeasured.
c\
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metyrapone-induced spectral change was substantially reduced in

adrenal mitochondria isolated from rats previously treated with this

inhibitor as compared with that produced in mitochondria from controls

(Table IV). Similarly, the SU-5236-induced spectral change was

inhibited in adrenal mitochondria isolated from SU-5236-treated rats.

The reduction in the magnitude of the metyrapone-induced difference

spectrum resulting from prior treatment with this compound was somewhat

greater than the equivalent effect observed with SU-5236.

DISCUSSION

It is common to read that the reduced metabolite of metyrapone is

considerably less active than the parent compound as an inhibitor of

adrenal steroid 116-hydroxylase (7,12,22,23) despite the original

observations of Bencze and Allen (9) that SU-5236 is not markedly

different in its adrenocortical inhibitory effect than metyrapone. In

addition, the more recent findings of Sprunt and Hannah (10,11) indicate

that SU-5236 has 70 per cent of the potency of metyrapone in

inhibiting llB-hydroxylation in the rat adrenal, and is equally

effective in the human and beef adrenal cortex.

The present studies were undertaken in an attempt to resolve

this issue and made use of techniques which allow one to examine

directly the interaction of these compounds with the cytochrome P-450

component of the steroid llB-hydroxylation system. When SU-5236 was

added directly to rat adrenal mitochondria it produced a type II

spectral change similar to that found on adding metyrapone. Also,

when added in vitro or administered in_ vivo to rats, it was possible
to demonstrate that both compounds produced a marked inhibition of the

llB-hydroxylation of DOC. The inhibition in the presence of SU-5236
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was almost as great as that found with metyrapone.

The DOC-induced spectral change observed in adrenal mitochondria

is thought to represent an interaction between DOC and mitochondrial

cytochrome P-450 (24) as an obligatory step in its conversion to

corticosterone (17). Following treatment with metyrapone or SU-5236,

the magnitude of the DOC-induced spectral change was markedly decreased

as compared to control values. This confirmed our previous

observation with metyrapone (16) and was consistent with the observed

decreased rates of corticosterone formation in the same mitochondria.

The observation that the metyrapone and SU-5235 induced spectral changes

were also decreased in adrenal mitochondria isolated from metyrapone

and SU-5236 treated rats, respectively, supports the conclusion that

following treatment with these compounds, the metyrapone and SU 5236

enter the adrenal cortex and bind to a site(s) on cytochrome P-450

thereby diminishing its ability to react with DOC and thus affecting

the rate of steroid llg-hydroxylation. The results of these

experiments would seem to indicate that either more of the injected

metyrapone became bound to adrenal mitochondrial cytochrome P-450

than did SU-5236 or that it bound with greater affinity. This could

account for the somewhat greater inhibition of llg-hydroxylation

following metyrapone administration. More definitive kinetic studies

will be necessary to establish the relative potencies of these

compounds with greater certainty.

Thus, in assessing the adrenal response to metyrapone in man and

experimental animals, the possible contribution of SU-5236 cannot be

ignored. It appears to be the chief metabolite of metyrapone and is

clearly a potent inhibitor of steroid 116-hydroxylase. It is possible
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that SU-5236 formed in the liver, adrenals and other tissues is involved

in the overall inhibitory effects of metyrapone. Our results and those

of others (10,11) would suggest that only when metyrapone and SU-5236

have been conjugated in the liver could it be considered that the

metyrapone had been inactivated. It is appropriate to ask just how

much of the injected metyrapone is converted to SU-5236 in the adrenal

cortex, however, such information is lacking. Any SU-5236 formed in

the adrenal cortex would still be active as an inhibitor of steroid

118-hydroxylase. Recent studies by Sprunt (25) indicate that

following the ingestion of metyrapone in humans the plasma level of

unconjugated SU-5236 is quite high. This SU-5236 is presumably formed

in the liver and along with unmetabolized metyrapone is involved in

the inhibition of adrenal steroid llg-hydroxylase.
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* The systematic names of compounds identified in the text by trivial
names are:

metyrapone = 2-methyl-l,2-bis(3-pyridyl)-1-propanone
SU-5236 = 2-methyl-l,2-bis(3-pyridyl)-1-propanol
11-deoxycorticosterone = DOC = 21-hydroxy-4-pregnene-3,20-dione
18-hydroxy-ll-deoxycorticosterone = 18-0H-D0C = 18,21-dihydroxy-4-
pregnene-3,20-dione
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ABSTRACT. Adrenal cortical structure and
function have been studied in hyperplastic rat
adrenal glands which result from the presence of
a mammotropic pituitary tumor (MtT) secreting
very large quantities of ACTH. Compared to
normal rat adrenals, the hyperplastic adrenals
when homogenized and incubated with progester-
one-4-I1C, produced little 18-hydroxy-ll-deoxy-
corticosterone1 (18-OH-DOC) and corticosterone
but did convert progesterone efficiently to 11-
deoxycorticosterone (DOC). Mitochondria iso¬
lated from the hyperplastic adrenals also showed
reduced 11/3- and 18-hydroxylating activities
when compared to normal rat adrenal mito¬

chondria and this correlated well with reduced
levels of cytochrome P-450 in the hyperplastic I
adrenal mitochondria. The reduced cytochrome
P-450 levels of these mitochondria also correlated
with abnormal ultrastructure observed by elec¬
tron microscopy. Hyperplastic adrenal mito¬
chondria had reduced numbers of vesicular
cristae in zona fasciculata cells compared to nor¬
mals. The decreased 11/3-hydroxylating activity
of the mitochondria from hyperplastic adrenals
was reflected in greatly elevated peripheral
plasma levels of DOC. (Endocrinology 86: 744,
1970)

RECENT studies of Francois et al. (1)have indicated that adrenal homoge-
nates from rats bearing an autonomous
transplantable mammotropic tumor (MtT,
strain F,|) metabolize added progesterone
in an abnormal fashion such that 18-OH-
DOC and corticosterone are not formed.

However, corticosterone is present in the
blood of these rats (2), although the levels
reported are lower than would be expected
from rats with blood levels of ACTH up to
6000 times normal. These abnormalities in
corticosterone production may be related
to the 30-fold elevated blood levels of pro¬
lactin and growth hormone occurring in
these tumor-bearing rats (3).

The present study was initiated to exam¬
ine in more detail the defect in steroid hy-
droxylation in the adrenals of MtT rats
and to correlate these studies with examina-

Received July 18, 1969.
1 The systematic nomenclature of compounds for

which trivial names are used in this paper are: 18-
hydroxy-ll-deoxycorticosterone (18-OH-DOC),
18,21-dihydroxypregn-4-ene-3,20-dione; 17a-meth-
ylandrostenediol, 17a-methylandrost-5-ene-3/3,17/3-
diol.

tion of the ultrastructure of the adrenal
cortex.

Materials and Methods

The autonomous transplantable pituitary
tumor (MtT), strain F4, was originally obtained
from Dr. Jacob Furth and was maintained in
the laboratory of one of us (R.W.B.) in female
Fischer rats for more than 60 transfer genera¬
tions. Transfers of the tumor were made sub-
cutaneously in the hind legs when rats were
2-4 months old. Rats were fed Purina chow
diet ad, lib. and were given tap water to drink.

In intact rats after the MtT tumor is trans¬

planted there is a latent period of 25-50 days
before the tumor is palpable. This is followed by
a rapid growth phase lasting about 30 days. It
was at this time when the tumor weight had
plateaued that the rats were killed by decapita¬
tion. No special precautions were taken to avoid
stressing the animals on the day of killing. Con¬
trol rats were 100-day-old female Fischer rats
to which the tumor had not been transferred.
Blood was collected from the neck into hepa-
rinized tubes and plasma separated for the
measurement of levels of DOC and corticos¬
terone. Adrenals were quickly removed, freed
of adhering fat and connective tissue, weighed
and used for studies of adrenal steroid biosyn¬
thesis, measurement of mitochondrial cyto-

744
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chrome P-450 levels and for ultrastructural
examination.

For the electron microscopic studies slices
approximately 1 mm in thickness were cut
through the glands. Slices were fixed for 4 hr
in 3% glutaraldehyde buffered to pH 7.2 with
0.1m phosphate buffer. After fixation, the tis¬
sues were washed in ice cold buffer to remove

excess glutaraldehyde. Pieces of zona fasciculata
tissue were isolated with a microscalpel and
subsequently postfixed in 1% osmic acid buf¬
fered with 0.1m phosphate to pH 7.2. After de¬
hydration in ethanol followed by propylene
oxide, the tissues were embedded in a mixture
of Epon 812 and Araldite (4). Thin sections
were stained with methanolic uranyl acetate
(5) and lead citrate (6).

Adrenals from 4 rats with MtT tumors and
12 control rats were separately pooled and
homogenized in appropriate volumes of a me¬
dium consisting of 0.25m sucrose, 0.015m Tris,
0.02m nicotinamide and 0.001m EDTA, pH 7.4.
One ml of this homogenate containing the
equivalent of 35 mg adrenal tissue was in¬
cubated with 0.097 /imole of progesterone-4-
14C (specific activity, 1.03 mCi/mmole). Each
flask contained in addition 4 ml of Krebs-
Ringer phosphate buffer, pH 7.4, containing
18.5 /itnoles of sodium succinate, 14 /mnoles of
glucose-6-phosphate and 1.25 /imoles of NADP.
Incubations were in air for 10 min at 37 C. At
the end of the incubation period, steroids were
extracted from the incubation medium with
methylene chloride and steroid analyses carried
out essentially as described previously (7). Un-
metabolized progesterone and metabolites such
as DOC, 18-OH-DOC and corticosterone were
separated by paper chromatographic procedures
and the radioactivity recovered in these frac¬
tions used to calculate the nmoles of these
compounds present after the incubation period.
Small amounts of radioactive peaks correspond¬
ing to aldosterone and 18-hydroxycorticoste-
rone were also found but were not individually
quantitated.

Adrenal mitochondria were isolated from the
adrenal homogenates by differential centrifuga-
tion. The homogenates were centrifuged twice
for 10 min at 700 g in order to assure the com¬
plete removal of the large number of erythro¬
cytes from the hyperplastic adrenals. After
centrifugation of the supernatant for 10 min
at 9000 g in order to obtain the mitochondria,
the mitochondrial pellet was suspended in a
medium containing 0.25m sucrose, 0.015m Tris
and 0.02m nicotinamide in order to wash out

any excess EDTA. The washed mitochondria
were again centrifuged down by spinning at

9000 g for 10 min. The mitochondria were then
suspended in this same medium to give mito¬
chondria equivalent to 50 mg tissue/ml in the
case of control preparations and equivalent to
150 mg/ml in the case of the hyperplastic adre¬
nal preparation. In incubations of control mito¬
chondria, 1 ml of the mitochondrial suspension
was incubated with 0.12 /xmole of DOC-4-14C
(specific activity, 0.81 mCi/mmole). Each flask
contained in addition 4 ml of buffer consisting
of 0.1m Tris, 0.005m KC1, 0.005m MgCl2,
0.008m NaCl, 0.05m sucrose, pH 7.4, and in
addition 19.4 gmoles of isocitrate. In incuba¬
tions of adrenal mitochondria from MtT rats,
incubations were done using both 0.5 and 1 ml
of the mitochondria] suspension. Incubations
were done with DOC-4-14C in the same way as
for controls. Incubations were in air for 10 min
at 37 C. Steroid analyses were carried out as
for homogenate incubations in order to measure
the production of 18-OH-DOC and cortico¬
sterone from DOC.

Protein determinations on mitochondrial
preparations were done by the method of Lowry
etal. (8). Rat adrenal mitochondrial cytochrome
P-450 levels were determined by using a Cary
14 recording spectrophotometer equipped with
a scattered transmission accessory and a high
intensity light source. The methods used have
been described in detail by Cammer and Estra-
brook (9). Corticosterone in plasma was deter¬
mined by the fluorescence method of Solem and
Brinck-Johnsen (10). DOC in peripheral plasma
was determined on pools of plasma using a gas
chromatographic method employing electron
capture detection (11).

Results

Adrenal weights. The mean adrenal weight
of the 12 control Fischer rats was 44.3 mg.
The MtT rats had hyperplastic adrenals
with a mean weight of 610 mg, thus indicat¬
ing a 14-fold increase in weight. These hy¬
perplastic glands had little if any adhering
fat and were quite normal in color. On
bisecting these glands it was apparent that
they were hyperemia

Corticosteroidogenesis. Table 1 shows the re¬
sults of incubating control and hyperplastic
adrenal homogenates with added proges-
terone-4-14C. It is clear that the adrenal
homogenate from control rats was able
to metabolize the added progesterone effi¬
ciently to 18-OH-DOC and corticosterone
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Table 1. Metabolism of progesterone-4-uC by adrenal homogenates
from control rats and rats with MtT tumors

Group
nmoles/35 mg tissue/10 min

Progesterone DOC 18-OH-DOC Corticosterone

Controls
MtT

4.2*
2.8*

1.4
69.4

23.8
9.1

60.4
15.1

Incubations were carried out in duplicate and mean values are reported.
* Unmetabolized progesterone.

when supported by the addition of succi¬
nate, glucose-6-phosphate and NADP. On
the other hand, the adrenal homogenate
from MtT rats, while metabolizing the
added progesterone efficiently to DOC, pro¬
duced little 18-OH-DOC and corticosterone
under identical incubation conditions.

When mitochondria were isolated from
control and MtT rat adrenals and incu¬
bated with DOC-4-14C it was possible to
measure the 11/3- and 18-hydroxylating
activities of these preparations. It can be
seen in Table 2 that the mitochondria from
the adrenals of MtT rats have less ability
to convert DOC to 18-OH-DOC and corti¬
costerone than do mitochondria of control
adrenals. The yield of mitochondrial pro¬
tein from the MtT adrenals was lower than
that from control adrenals (1.10 and 1.55
mg protein/50 mg tissue, respectively);
hence the use of mitochondria from a higher
weight of hyperplastic adrenals. If the hy-
droxylating activity is calculated per mg of
adrenal mitochondrial protein, the control

Table 2. Metabolism of 11-deoxycorticosterone-
4-14C by adrenal mitochondria from control rats

and rats with MtT tumors

Group
nmoles/mg protein/10 min

18-OH-DOC Corticosterone

Controls 20.0 48.1
24.1 46.2

MtT 11.0* 25.4
9.8f 21.1

Control incubations contained the equivalent of
50 mg tissue.

* Incubation mixture contained mitochondria
equivalent to 75 mg of hyperplastic adrenal tissue.

t Incubation mixture contained mitochondria
equivalent to 150 mg of hyperplastic adrenal tissue.

mitochondria had twice the hydroxylating
activity of MtT adrenal mitochondria and
based on adrenal weight their activity was
three times greater.

Cytochrome P-450 levels. The adrenal mito¬
chondrial level of cytochrome P-450 in con¬
trol rats was 1.1 nmoles/mg protein. Mito¬
chondria isolated from the hyperplastic
adrenals of MtT rats had lower levels of
cytochrome P-450, values being 0.51 and
0.43 nmole/mg protein in two separate
experiments. Because of the presence of
much hemoglobin in the hyperplastic ad¬
renal homogenates it was not possible in
these experiments to measure accurately
the levels of microsomal cytochrome P-450;
however, it was possible to demonstrate the
presence of this pigment in appreciable
quantities in control and hyperplastic
adrenals.

Corticosteroid levels in peripheral plasma.
Duplicate assays of corticosterone in periph¬
eral plasma from control rats gave a mean
value of 37.5 /xg/100 ml. Quadruplicate
assays of plasma corticosterone in rats with
MtT tumors gave a mean value of 84 yug/100
ml. DOC estimates were done on plasma
pools from control and MtT rats. Dupli¬
cate assays on control plasma gave a mean
value of 0.52 jug/100 ml, whereas the mean
of six determinations on plasma from MtT
tumor bearing rats was 17.5 yug/100 ml.
In the method for estimation of DOC levels
in plasma the DOC was processed through
thin-layer chromatography of the acetate
and finally gas-liquid chromatography with
electron capture detection of the DOC ace-
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Fig. 1. Zona fasciculata cell from adrenal of control animal. A small number of tubules of smooth endo¬
plasmic reticulum are scattered throughout the cytoplasm. The mitochondrial cristae appear as closely
packed vesicles in this micrograph. Other structures include numerous, small lipid droplets (L), nucleus
(N), and Golgi apparatus (G). ( X 12,000.)

tate. In these studies the DOC acetate frac¬
tions from the plasma samples appeared as
peaks on gas-liquid chromatography with
identical retention times to that of authen¬
tic DOC acetate and there is little reason

to doubt that it is indeed DOC which is

being measured.

Adrenal cortical ultrastructure. Typical elec¬
tron micrographs of adrenal zona fasciculata
cells from control rats and rats bearing MtT
tumors are shown in Fig. 1 and 2, respec¬
tively. As compared to controls the hyper¬
plastic adrenals had increased smooth endo¬
plasmic reticulum. The reticulum appeared
either as short, interconnected tubules or as
fenestrated membranes in parallel array,

surrounding enlarged lipid vacuoles or
mitochondria. In contrast to the smooth

endoplasmic reticulum of fasciculata cells
in the adrenal of MtT rats, that in control
animals consisted of short tubules which
were widely scattered throughout the cyto¬
plasm. Almost all of the reticulum was

smooth-surfaced in these cells. Most ribo-
somes were found in clusters which were

scattered throughout the cytoplasm un¬
attached to membranes. Very little rough
endoplasmic reticulum was seen in the
adrenal of either control or tumor-bearing
animals.

The number of lipid droplets was sparse
in fasciculata cells of MtT rat adrenals.
Lipid in these cells appeared to have co¬
alesced into one or two large, sudanophilic
vacuoles. The size of these structures con¬

trasted with the small lipid droplets which
were usually seen in cells of the zona fascic¬
ulata in control animals. The mitochondria
of hyperplastic adrenals from MtT rats
contained many tubular cristae which
appeared as vesicles when cut in cross sec¬
tion, in contrast to the mitochondria of
controls which contained virtually all
closely packed vesicular cristae. The mito¬
chondrial cristae appeared to be reduced in
number in hyperplastic adrenals in com¬

parison to control adrenals.
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Fig. 2. Zona fasciculata cell from adrenal of MtT rat. Tubules of hypertrophied smooth endoplasmic
reticulum (SER) are seen throughout the cytoplasm of this cell. Several concentric paired membranes of
smooth endoplasmic reticulum surround an enlarged lipid vacuole (L). Mitochondria contain tubulo-
vesicular cristae (arrow). Other structures include lysosomes (LY) and cell membrane (CM). ( X10,000.)

Discussion

The observation that homogenates of
hyperplastic adrenals from MtT rats
showed impaired ability to convert added
progesterone to 18-OH-DOC and corticos-
terone, which are recognized as the major
corticosteroids produced by the zona fascic¬
ulata of the rat adrenal (12-14), confirms
a previous study (1). In that study Francois
et al. found no radioactivity in the 18-OH-
DOC and corticosterone fractions following
incubation of adrenal quarters with labeled
progesterone. In the present study small
but measurable amounts of these corti¬

costeroids were formed although much less
than in control incubations.

The measurement of 11/1- and 18-hydrox-
ylating activities of mitochondria isolated
from these enlarged adrenals indicated that
there were indeed reduced activities when
compared with normal rat adrenal mito¬
chondria. Hydroxylation rates were ap¬
proximately 50% of that of controls, an
observation that has been confirmed on

several occasions. The reason for these re¬

duced hydroxylation activities in the adre¬
nal mitochondria from MtT rats is not
known with certainty; however, it may be
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related to the observation that the level of

cytochrome P-450 present in the mito¬
chondria is about half of that found in con¬

trol mitochondria. The levels of cytochrome
P-450 found in control adrenal mitochon¬
dria were about 60% of those previously re¬
ported for another strain of rat (15) and
the levels in the hyperplastic adrenal mito¬
chondria were much lower. Cytochrome
P-450 has been shown to be the terminal
oxidase involved in 11/3-, 17a-, 18- and 21-
hydroxylations in the adrenal cortex (16-
19) but it is not known how critical the level
of this cytochrome might be in determining
the rate of steroid hydroxylation in mito¬
chondria. Microsomal cytochrome P-450
levels were not measured in these experi¬
ments but other studies from our labora¬

tory2 indicate that this pigment is present
in appreciable quantities in these hyper¬
plastic adrenals. This observation is con¬
sistent with the demonstrated ability of
the MtT adrenal homogenates to 21-hy-
droxylate progesterone efficiently to DOC
(Table 1). Appreciable 21-hydroxylation
activity is consistent with the presence of
large amounts of smooth endoplasmic retic¬
ulum in the MtT adrenals, this being the
recognized location of this enzyme system.

The low level of cytochrome P-450 in
MtT adrenal mitochondria seemed to cor¬

relate with altered ultrastructural appear¬
ance of the mitochondria. These mito¬
chondria had tubular rather than closely
packed vesicular cristae and had reduced
number of cristae. The reduced number of
cristae may reflect low cytochrome P-450
levels because it is suggested that this
cytochrome is located in these inner mito¬
chondrial membranes. Other studies have
suggested a correlation between altered
mitochondrial ultrastructure and the level
of cytochrome P-450. Rats treated chroni¬
cally with the synthetic androgen 17a-

methylandrostenediol have low levels of
adrenal mitochondrial cytochrome P-450

2 Elliott, W. B., and A. C. Brownie, unpublished
observations.

(15, 20) and also altered adrenal mitochon¬
drial ultrastructure. In addition, these
mitochondria have reduced 11/3-hydroxyla-
tion activity. Also, during the early stages
of adrenal regeneration in the rat, adrenal
zona fasciculata cells have mitochondria
with reduced numbers of cristae (21, 22),
reduced 11/3-hydroxylating activity, and
low levels of cytochrome P-450 (23). Thus,
in three instances altered adrenal mito¬
chondrial ultrastructure is correlated with
low levels of cytochrome P-450 and reduced
steroid 11 /3-hydroxylating activity.

One difficulty in interpreting the results
of Francois et al. (1) was the knowledge that
appreciable levels of corticosterone were
present in the peripheral plasma of MtT
rats. The present study shows that there
is an elevated DOC/B ratio in the plasma
of these rats and this result suggests that
the in vitro results, which indicate that the
11/3-hydroxylating activity of adrenal mito¬
chondria from MtT is about half of that of

controls, do have some physiological sig¬
nificance in a qualitative sense. Despite
the lower rates of 11/3-hydroxylation in MtT
adrenal mitochondria when calculated per

mg of mitochondrial protein, the fact that
these adrenals were 14 times the size of
control adrenals presumably accounts for
the fact that elevated plasma corticoster¬
one levels are still seen in these rats. The
levels found are not as high as would be
expected in rats with blood levels of ACTH
6000 times normal (24) and this has been
shown to be due to the elevated levels of

prolactin and growth hormone also found
in these rats (3). To obtain further informa¬
tion about the reason for the lower than

expected B levels in MtT rats, future
studies shall be made of the effects of
ACTH, prolactin and growth hormone
singly and in combination on adrenal mito¬
chondrial 11/3-hydroxylation activity in
rats.

The in vitro findings in the present study
would lead one to expect that there would
be an increase in the plasma level of DOC
and this was so. Rapp (25) has suggested
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that rats with elevated ACTH secretion
secrete higher amounts of DOC from the
adrenals and this certainly is the case in
these MtT rats.
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Adrenocortical ultrastructure and corticosteroid
biosynthesis have been examined in animals bearing
a mammotrophic tumor (MtT-F4) inasmuch as this
tumor secretes multifold levels of adrenocorticotro¬
phic hormone, growth hormone, and prolactin, and
such an experimental system offers an excellent op¬
portunity for study of the effect of high and sustained
levels of pituitary hormones on the adrenal gland.
The weight of the adrenal gland increased 10-fold by
6 weeks after tumor implantation. The principal
alteration in ultrastructure of zona fasciculata-retic-
ularis cells in the enlarged adrenals was observed
in the mitochondria. At 2 weeks mitochondria in
some cells were characterized by reduced numbers of
cristae, many of which were located peripherally. A
large proportion of cells possessed these mitochon¬
drial abnormalities at 4 and 6 weeks. An impaired
corticosterone synthesis, seen by 2 weeks, became
more pronounced after 6 weeks, concomitant with
alterations in the fine structure of cortical mitochon¬
dria. The reduced number of mitochondrial cristae
was also reflected in lowered adrenal mitochondrial
cytochrome P-450 levels at 6 weeks of tumor growth.
This result suggested that the steroid hydroxylation

Furth et al.15 have described a transplantable mam¬
motrophic pituitary tumor (MtT) which secretes a
6000-fold quantity of adrenocorticotrophic hormones
(ACTH)1 and at least 30 times the normal amounts of
growth hormone and prolactin.1 The concentrations of
the three hormones secreted by the tumor are known
to increase sequentially during growth of the trans¬
plantable tumor. Although a 10-fold hypertrophy of the
adrenal gland is observed after 6 weeks of tumor
growth,28 Brownie et al.5 have reported a decreased
efficiency in the 11/f-hydroxylating enzyme activity in
adrenai mitochondria from MtT tumor-bearing ani¬
mals. Inasmuch as this enzyme hydroxylates deoxycorti¬
costerone (DOC) to corticosterone in the steroidogenic
pathway,4 the 1\,$«4 of DOC is elevated in the plasma.

In previous reports from our laboratory, we have
described several models of experimentally induced hy¬
pertension, including adrenal regeneration,7 methyl-

enzyme system is located on the inner mitochondrial
membranes. It is suggested that alterations in adreno¬
cortical fine structure and steroid biosynthesis were
principally attributable to tremendously elevated
blood levels of adrenocorticotrophic hormone
secreted by the tumor.

Other alterations in adrenocortical fine structure
after 6 weeks of tumor growth included a marked
hypertrophy of the smooth endoplasmic reticulum
which is presumably related to increased capacity for
steroid synthesis by the enlarged adrenals. Another
alteration was a prominent cytoplasmic vacuolation
which was seen exclusively in zona reticularis cells.
After 6 weeks, the zona glomerulosa in tumor-bearing
animals was confined to a cluster of several cells
located adjacent to the capsule of the adrenal gland.
The observation of a virtually nonexistent kidney
renin content and a corresponding small number of
granules in the juxtaglomerular apparatus at this
same time suggests that the renin-angiotensin system
regulates the size of the zona glomerulosa in tumor-
bearing animals.

Additional key words: Pituitary tumor, Steroid
synthesis, Adrenal ultrastructure, Cytochrome P-450.

androstenediol,8 and methyltestosterone30 hypertension.
In these models, above control levels of deoxycorticos¬
terone in blood have been common findings.24' 37 Fur¬
thermore, alterations in the ultrastructure of adreno¬
cortical mitochondria have been a consistent observation
in all of these models.6' 32' 48 We have suggested that
altered adrenocortical function which produces elevated
secretion of DOC is directly involved in the pathogenesis
of the hypertension.47- 48 In view of the observation of
increased DOC concentrations in peripheral plasma of
tumor-bearing animals,5 it was the purpose of the present
study to investigate the sequential changes in adrenal
fine structure and in the steroidogenic capacity of the
adrenal glands during growth of the tumor.

MATERIALS AND METHODS

The MtT-F4' mammotrophic pituitary tumor used in
the present studies was obtained from the laboratory of



Vol. 23, No. 4, 1970 MAMMOTROPHIC PITUITARY TUMOR 369

Dr. Robert Bates, Endocrinology Section, National In¬
stitutes of Health. The tumor was first developed by
Dr. Jacob Furth who induced the tumor by injections
of stilbestrol;15 the tumor became autonomous after
several transfers. In our laboratory, the tumor was
transplanted subcutaneously to the legs of 90- to 120-
day-old female Fischer F344 rats. Ten tumor-bearing
animals and 20 control Fischer F344 rats were sacrificed
for incubation studies of steroidogenesis at 2, 4, 6,
and 8 weeks after transfer of the tumor; four tumor-

bearing animals and four controls were sacrificed for
electron microscopic examination at each of the times
indicated.

After decapitation, the adrenals were removed and
were freed of adherent fat and connective tissue. For
electron microscopic studies, slices approximately 1 mm.
in thickness were cut through the entire glandular
mass. These slices were fixed for 4 hours in 3 per cent
glutaraldehyde buffered to pH 7.2 with 0.1 m phos¬
phate.40 After fixation, the tissues were washed in ice-
cold buffer to remove excess glutaraldehyde and stored
in cold buffer overnight.

In the case of adrenals from control rats, the glands
were divided into the three cortical zones by means of
a fine scalpel under a dissecting microscope. The zona
glomerulosa was isolated by taking thin tangential sec¬
tions near the surface of the adrenal. The zona fasciculata
was identified by the white color imparted by the
abundance of lipid, and the zona reticularis was identi¬
fied by the reddish brown color due to the absence of
lipid. Ten blocks of tissue were taken from each of
these identified zones from four of the rats killed at

each of the periods indicated above.
In the case of adrenals from tumor-bearing animals,

the procedure used to identify the three cortical zones
was identical to that for controls at 2 weeks. At 4 and
6 weeks the fasciculata was no longer white in color.
Nonetheless, this zone could be distinguished from the
zona reticularis because the reticularis appeared to be
red owing to the engorgement of sinusoids with red
blood cells. Thus, the two zones were separated by
means of a fine scalpel under a dissecting microscope. In
all cases, 10 tissue blocks from each location were
taken for further processing from each of four rats
killed at the four time periods.

Tissues were postfixed in 1 per cent osmic acid
buffered with 0.1 m phosphate to pH 7.2. After dehy¬
dration in a series of chilled ethanol solutions followed

by propylene oxide, the tissues were embedded in a
mixture of Epon 812 and Araldite.29 The blocks were
sectioned with glass knives on a Porter-Blum MT-2
ultramicrotome. Sections approximately 1 ^ in thickness
were cut from each block, were stained with toluidine
blue, and were examined in a light microscope. Before
thin sections were cut, the blocks were trimmed to
include adrenocortical cells, the zonal position of which
in the adrenal had been identified by light microscopy
insofar as ossible. Ultrathin sections were doubly
stained with methanolic uranyl acetate51 and lead cit¬
rate.38 Electron micrographs were taken with a Siemens-
Elmiskop I electron microscope.

For studies of the steroidogenic capacity of adrenals

from control and tumor-bearing animals, adrenals were
rapidly removed, trimmed free from fat, and homoge¬
nized in ice-cold sucrose (0.25 m)-Tris (0.01 m), pH
7.4, and mitochondria isolated by differential centrifu-
gation.23 The homogenates were centrifuged twice at
700 X g for 10 minutes to remove nuclei, unbroken cells,
and red blood cells. The supernatant fluid was then
spun at 9000 x g for 10 minutes to obtain the mito¬
chondria. The mitochondrial plugs were resuspended in
sucrose-Tris and recentrifuged at 9000 x g for 10 min¬
utes. In this way mitochondrial preparations were ob¬
tained which were essentially free from contamination
with endoplasmic reticulum, as judged by electron
microscopic examination of the final plugs. The mito¬
chondria were then suspended in sucrose (0.25 m)-
Tris (0.01 m), pH 7.4, at a concentration of mitochondria
equivalent to 50 mg. of tissue per 1.0 ml. One ml. of
mitochondrial suspension was incubated with 150
nanomoles of 11-deoxycorticosterone in 0.1 ml. of etha¬
nol and 4.0 ml of buffer containing 0.1 m Tris, 0.005 m
KC1, 0.005 m MgCl2, 0.008 m NaCl, 0.05 m sucrose,
pH 7.4, and also isocitrate (100 mg. per 100 ml.). Rates
of 1 f /J-hydroxylation were determined by withdrawing
0.5-ml. aliquots of incubation medium at 2-minute in¬
tervals from the start of the incubation, and the amount
of corticosterone present in each was determined by
sulfuric acid fluorescence.49' 57

Adrenal mitochondrial cytochrome levels were meas¬
ured employing an Aminco-Chance dual wavelength
scanning spectrophotometer with the techniques de¬
scribed by Cammer and Estabrook.9 Mitochondrial pro¬
tein concentrations were determined by the method of
Lowry et al,27

For study of renin and the juxtaglomerular apparatus,
kidneys were bisected fresh; one-half was placed in
Helly's fixative, and the other one-half was frozen at
—4° C. After fixation for 24 hours, kidney tissue was
embedded in paraffin, cut at 5 /x, and stained by the
procedure of Wilson54 for juxtaglomerular granules. The
juxtaglomerular index for each kidney was determined
by the method of Hartroft and Hartroft.19 For determi¬
nation of pressor substance, the frozen one-half of the
kidney was thawed, and the cortex was separated from
the medulla. The renin content of the cortical tissue
was measured by an angiotensin generation assay similar
to that described by Lever, Robertson, and Tree.20
This method consisted of the incubation of renal corti¬
cal tissue, previously acidified at pH 3.0 and dialyzed in
normal saline for 48 hours, with an angiotensinase-
free substrate of bovine plasma. The substrate was pre¬
pared according to the procedure suggested by Lever,
Robertson, and Tree.20 The angiotensin formed during
the incubation was measured by injection of the mixture
into assay rats prepared according to the Peart tech¬
nique.35 The blood pressure elevations recorded in the
assay rats were compared with those produced by injec¬
tion of standard doses of synthetic angiotensin.

RESULTS

Adrenal Ultrastructure in Control Animals

The fine structure of adrenocortical cells in non-

tumor bearing animals is described briefly, inasmuch as



Fir.. I. Zona glomerulosa cell from control animal. Elongate and
cross-sectional profiles of mitochondria (M) are dispersed through¬
out the cytoplasm. Mitochondrial cristae are tubular and frequently
are connected to the inner mitochondrial membrane. The mito¬
chondrial matrix is moderately electron-dense. Endoplasmic reticu¬
lum (ER) is predominantly smooth surfaced. X23.200. The tolui-
dine blue-stained section in the inset shows capsular cells (C),
zona glomerulosa (zg), and zona fasciculata cells (zf). The zona
glomerulosa is 5 to 7 cell layers thick, and the cells of the glo¬
merulosa are smaller than those in the adjacent fasciculata. Several
lipid droplets are seen in zona glomerulosa cells, although the
zona fasciculata contains numerous lipid droplets. X300.

the ultrastructure of adrenals from Fischer animals has
not been described previously. The morphology of corti¬
cal cells in the adrenal of Fischer rats was similar to

that of the Holtzman32 and other strains of albino
rats.41'35 Small cells with a large nucleocytoplasmic
ratio comprised the five to seven outermost cell layers
of the zona glomerulosa in control animals (Fig. 1).
Most of these cells contained numerous lipid droplets
which were identified in 1-p, toluidine blue-stained sec¬
tions by their clear vacuolar structure (Fig. 1). In the
electron microscope, mitochondria of zona glomerulosa
cells were distinctive and permitted these cells to be
distinguished from neighboring zona fasciculata cells.
Mitochondria were elongate and the simple, tubular
cristae (Fig. 1) often were continuous with the inner
mitochondrial membrane. The moderately dense mito¬
chondrial matrix occupied a large proportion of the

Fig. 2. Portion of zona fasciculata cell from control animal.
Mitochondria are spherical; mitochondrial cristae appear as vesicles
which virtually fill the entire mitochondrial matrix. Segments of
smooth endoplasmic reticulum (SER) are closely associated with
mitochondria. Prominent Golgi cisternae (GC) are seen adjacent to
the nucleus. X23,200.
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mitochondrial volume because of the relatively small
number of cristae in zona glomerulosa mitochondria.
Endoplasmic reticulum was predominantly smooth
surfaced.

Cells in the zona fasciculata and zona reticularis were

larger than those in the zona glomerulosa. Mitochon¬
dria in these two inner cortical zones could be dis¬

tinguished from those in the zona glomerulosa by their
spherical shape (Fig. 2), in contrast to the elongate mito¬
chondria in zona glomerulosa cells. Furthermore, the
cristae appeared as numerous vesicles and virtually
filled the entire mitochondrial matrix (Fig. 2). Tubules
of smooth endoplasmic reticulum were scattered
throughout the cytoplasm and were often closely as¬
sociated not only with lipid droplets, but with other
cellular organelles as well (Fig. 2). A prominent juxta-
nuclear Golgi apparatus could frequently be found in
zona fasciculata cells (Fig. 2).
Adrenal U ltrastructure in Tumor-Bearing Animals

The weight of paired adrenal glands from animals
bearing MtT tumors increased 10-fold; at the time of
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transplantation, the adrenal weight of control Fischer
animals was 47.0 ± 2.0 mg., whereas after 6 weeks of
tumor growth, the enlarged adrenals weighed 500.0 ±
22.0 mg. The increase in adrenal weight was similar
to that reported by Milkovic and Bates28 with the
adrenal weight increasing slowly during the period be¬
fore 4 weeks, then rapidly when the tumor became
palpable. The gross appearance of the adrenal at 6
and 8 weeks was hyperemic, and little fatty tissue sur¬
rounded the enlarged adrenals, in comparison to the
abundant fat bed which surrounded the adrenal of con¬

trols. When cut in cross-section, the outer one-half of
the enlarged adrenal appeared reddish yellow in color,
whereas the inner zone was red, although not grossly
hemorrhagic. The red color of the inner cortical
zone was imparted by red blood cells which filled the
sinusoids in the zona reticularis. The increase in the
number and degree of distention of sinusoids was first
evident after 4 weeks (Fig. 3).
Zona Glomerulosa

The Golgi apparatus in zona glomerulosa cells was
hypertrophic at 2 and 4 weeks after tumor transplanta¬
tion because numerous paired membranes and associ¬
ated vesicles were identified adjacent to the nucleus. After
6 weeks, a typical zona glomerulosa could not be recog¬
nized in hematoxylin- and eosin-stained paraffin sec¬
tions, although the zona glomerulosa in adrenals of
control animals was prominent (Fig. 1). Ffowever, clus¬
ters of several cells were occasionally observed adjacent
to the capsule in 1-^ sections of plastic-embedded
tissue stained with toluicline blue (Fig. 4). Such cells
were characterized by (1) their small size in comparison
to adjacent cells and (2) the basophilic staining of the
cytoplasm. In alternate thin sections, the clusters of
glomerulosa cells in tumor-bearing animals (Fig. 5) were
identical with typical zona glomerulosa cells of controls
in spite of intense hormonal stimulation from the MtT
tumor. The glomerulosa cells were characterized in the
electron microscope by elongate, rodlike mitochondria
identical with those in control animals. Moreover,
cristae in the elongate mitochondria were tubular
and often were visibly connected to the inner mito¬
chondrial membrane (Fig. 5). Several lipid droplets and
a sparse amount of rough endoplasmic reticulum were
scattered throughout the cytoplasm (Fig. 5).
Zona Fasciculata-Reticularis Mitochondria

After 2 weeks of tumor growth, most adrenal mito¬
chondria were similar to those of controls, having pre¬
dominantly vesicular cristae. However, the mitochondrial
cristae in a small proportion of zona fasciculata-reticu-
laris cells were smaller in number (Fig. 6) in comparison
to those in control animals. A continuity between many
of the cristae and the inner mitochondrial membrane
was observed frequently (Fig. 2). The number of cells
with alterations in the number and structure of mito¬
chondrial crist.'"; ncreased between 2 and 6 weeks until
these mitochondria became predominant in virtually all
zona fasciculata-reticularis cells by 6 weeks. The cristae
in many of these mitochondria appeared as segments

of short tubules; adjacent tubules were sometimes con¬
nected, thereby forming anastomoses. Furthermore, the
mitochondrial matrix was almost always lucid.

At 6 and 8 weeks, some mitochondria in reticularis
cells were elongated, in contrast to the usually spherical
shape of reticularis mitochondria in controls. The
cristae of these mitochondria were tubular, sometimes
almost entirely filling the electron-opaque mitochon¬
drial matrix (Fig. 7) but nonetheless distinct from vesic¬
ular cristae of controls. Some of these mitochondria
assumed bizarre configurations and often surrounded
vacuoles or lipid droplets (Fig. 7).

Endoplasmic Reticulum

At all periods, profiles of smooth endoplasmic reticu¬
lum outnumbered those of rough endoplasmic reticu¬
lum. Hormones from the MtT tumor induced increases
in the amount of smooth endoplasmic reticulum in
almost all adrenocortical cells. At 2 and 4 weeks, tubules
of smooth endoplasmic reticulum were scattered
throughout the cytoplasm of some cells (Fig. 6), whereas
in others, their numbers were less prominent. Between
6 and 8 weeks, however, large numbers of tubules were
prominent in virtually every cell. In some cells at this
time the smooth reticulum appeared to be clustered
around lipid droplets (Fig. 8) and vacuolar structures.
In addition, parallel arrays of smooth cisternae were
often seen at several distinct locations in the cyto¬
plasm (Fig. 9).

Fig. 3. Toluidine blue-stained section of the zona reticularis
from MtT tumor-bearing animal after 6 weeks of tumor growth.
The sinusoids (S) are conspicuously dilated. An inner portion of
the zona fasciculata (ZF) can be seen at the top of the micrograph.
Many reticularis cells contain vacuolar structures (V). X400.

Fig. 4. Toluidine blue-stained section of cortical cells from
outer portion of the adrenal of MtT tumor-bearing animal. A
cluster of darkly staining zona glomerulosa cells (ZG) is seen ad¬
jacent to the capsule (C). The cytoplasm of most zona fasciculata
cells is lightly stained, although several "dark cells" (DC) are
scattered throughout the zona fasciculata (ZF). X400.
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Fig. 5. Portion of two zona glomerulosa cells after 6 weeks of
tumor growth. The mitochondrial cristae are tubular (arrow) and
are virtually identical to those in control animals. Several lipid
droplets are seen in the cytoplasm. X24.800.

Fig. 6. Zona fasciculata cells after 4 weeks of tumor growth. The
mitochondrial cristae are reduced in number; many of the cristae

Lipid Droplets and Vacuolar Structures

The size of lipid droplets was larger in adrenals of
MtT tumors (Fig. 8). Moreover, the number of lipid
droplets was small in comparison to the numerous
spheroid droplets in adrenals of controls (Fig. 2). The
density of lipid in adrenals from MtT tumor-bearing
animals was distinctly more electron-opaque (Fig. 8)
than those in zona fasciculata-reticularis cells of controls,
inasmuch as lipid usually appears electron-lucid with
conventional preparative procedures for electron mi¬
croscopy used in the present study (Fig. 2). In addition
to lipid droplets, many zona reticularis cells possessed
large vacuoles (Fig. 7), absent from fasciculata cells.
The vacuolar structures were considerably larger than
lipid droplets and characteristically possessed an elec¬
tron-lucid matrix. Although first observed at 6 weeks,
the number of vacuoles increased between 6 and 8
weeks. Cytoplasmic vacuoles may well arise from struc¬

are located peripherally and are connected directly with the inner
mitochondrial membrane (arrow). Numerous tubules of hyper¬
trophic endoplasmic reticulum (SER) are scattered throughout the
cytoplasm. Other structures include cell membranes (CM) and nu¬
merous polyribosomes (R). X24,800.

tures similar to autophagic vacuoles (Fig. 8). Several
clear areas were observed throughout the autophagic
vacuoles (Fig. 7) which might possibly fuse, thereby
forming cytoplasmic vacuoles.

FIydroxylation Rates and Cytochrome Levels in

Adrenals

In Table 1 it can be seen that at all time periods
studied the adrenal fnitochondria isolated from animals

bearing the MtT tumor had lower rates of ll/?-hy-
droxylation than those in control adrenal mitochondria
isolated at the same time intervals. It is also noticeable
that the ll/?-hydroxylation rates decrease with increas¬
ing time after transplantation such that by 6 weeks the
rate has fallen to approximately 25 per cent of control
values.

Adrenal cytochrome levels were measured on mito¬
chondria isolated from control and MtT adrenals at
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Renal concentrations of renin in tumor-bearing ani¬
mals were 2.0 ± 1.5 ng. per mg. of renal cortex com¬
pared to 22.0 ± 8.0 ng. recorded in the controls.

DISCUSSION

The purpose of the present study was to investigate
the influence of high concentrations of ACTH on the
structure and function of the adrenal cortex of the
rat. The outstanding change in adrenal cortical struc¬
ture and function occurred in the mitochondria. Mi¬
tochondria in adrenal cortical cells from tumor-bear¬

ing rats had a small number of cristae when compared
with controls, and these cristae were predominantly
peripherally located. This decrease in the number of
cristae appeared to correlate with a dramatic decrease
in the level of cytochrome P-450 in the mitochondria.
This cytochrome is the terminal oxidase of the steroid
hydroxylation electron transport chain33 and is involved

Fig. 8. Zona reticularis cell 6 weeks after tumor transplantation.
Smooth endoplasmic reticulum (SER) surrounds two large lipid
droplets (L). The matrix of the lipid droplets is moderately elec¬
tron-dense. Mitochondria contain tubular cristae (X). A portion
of an autophagic vacuole (A) can be seen. The matrix of the
vacuole contains numerous vacuolar structures (V) with a clear
matrix interspersed among an electron-dense matrix and mem¬
branous structures. I Lysosome-like structures (LY) are also seen
within the structure. X2I,600.

Fic. 7. Zona reticularis cell 6 weeks after tumor transplantation.
A portion of a mitochondrion encircles a lipid droplet (L) at the
top of the micrograph. A vacuolar structure (V) with an electron-
lucid matrix virtually fills the entire cytoplasm. Mitochondrial
cristae are tubular (T), although they are vesicular when cut in
cross-section (arrow). Electron-dense inclusions (I) appear within
the mitochondrial matrix. X21,600.

the 6-week time period. It is apparent from Table 2
that the adrenal mitochondria isolated from rats bear¬

ing the MtT tumor have much lower levels of cyto¬
chrome P-450. The levels of cytochromes b and c + c1 do
not appear to vary much from control values; however,
there is a suggestion that the level of cytochromes a +

is higher than in controls. It appears quite certain
that the levels of cytochromes participating in the
classical electron transport chain are not decreased,
and perhaps one of them is increased, at the same time
as the terminal oxidase of the steroid hydroxylating
electron transport chain (cytochrome P-450) is markedly
decreased in concentration.

Kidney Renin Content

A marked decrease of the juxtaglomerular cell gran¬
ules as well as tlic content of renin in the renal cortex

was evident in tumor-bearing animals. The index of
granulation of the juxtaglomerular cells was 6 ± 1 in
the rats bearing the tumor and 29 ± 3 in the controls.
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Fig. 9. Zona fasciculata cell after 8 weeks of tumor transplanta¬
tion. Whorls of parallel cisternae of smooth endoplasmic reticulum
(ER) appear in the cytoplasm. Mitochondria contain small num¬

bers of tubular cristae IT). Other structures include cytoplasmic
vacuoles (V) and a Golgi apparatus (GC). X23,200.

Table 1. Rates of 11/3-Hydroxylation in Adrenal
Mitochondria from Control Rats and Rats

Bearing MtT Tumors

Group
Time after

transplantation
Rates of corticosterone

formation"

wk. nmoles/min./mg. of protein

Control 2 14.3

MtT 2 8.9

Control 4 14.9

MtT 4 5.5

Control 6 11.3
MtT 6 2.5

" Rates of corticosterone formation were measured as described
in "Materials and Methods." Duplicate determinations were per¬
formed, and the values reported are the means.

in 11/3- and 18-hydroxylation reactions in the mito¬
chondria.17' 18 Associated with this decrease in adrenal
mitochondrial cytochrome P-450 levels, there was a de¬
crease in 11/3-hydroxylation activity as seen by low

rates of corticosterone formation. Thus, the altered mi¬
tochondrial ultrastructure correlates with altered ste¬

roidogenic activity of the adrenals from the tumor-bear¬
ing rats. The low activity of steroid 11/3-hydroxylase
results in increased secretion of DOC into the blood.5

The low concentration of cytochrome P-450 in adrenal
mitochondria from tumor-bearing rats and the concur¬
rent reduction in numbers of cristae in these same mito¬
chondria adds further support to the conclusion that

Table 2. Cytochrome Content of Adrenal Mitochondria
from Control Rats and Rats Bearing MtT Tumors 6 Weeks

after Transplantation"

Group
Cytochrome content

a ae b C + Ci P-450

nmoles/mg. of protein

Control 0.07 0.08 0.17 2.06
MtT 0.12 0.10 0.19 0.66

° Adrenal mitochondrial cytochromes were measured by the
methods described by Cammer and Estabrook.3
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this cytochrome may be associated with the inner mito¬
chondrial cristae membrane. It is interesting to note that
this combination is seen in two other situations:

during the early stages of adrenal regeneration16 and
after treatment of rats with androgens.7.48 Low 11/3-
hydroxylation rates are also seen in these two models,
and there are high blood levels of DOC.10. 24. 37 Thus,
in three different situations one finds reduced numbers
of adrenal mitochondrial cristae, low levels of adrenal
mitochondrial cytochrome P-450, low activity of adrenal
mitochondrial 11/3-hydroxylase, and elevated blood
levels of DOC. In rats bearing regenerating adrenals
and in those treated with androgens, hypertension de¬
velops.44' 45 The occurrence of hypertension in MtT
tumor-bearing rats will be described in a subsequent
paper.

It is noteworthy that many of the ultrastructural
changes in adrenal mitochondria from MtT tumor-
bearing rats have not been described previously in the
rat adrenal cortex after administration of ACTH. In
the hamster, Yates50 has reported more abundant cristae
in adrenal mitochondria after ACTH treatment. Also,
several authors have described discontinuities in the
adrenal mitochondrial membrane,42 and protrusions or
blebs55 in contrast to the decreased numbers of cristae
observed in the present study. However, ACTH was in¬
jected in all of these previous studies, and it is un¬
likely that a constantly high blood level of ACTH
was attained in contrast to the case with the tumor-

bearing rats where this is probable. Also, the blood
levels of ACTH attained in MtT tumor-bearing rats
have been reported to be 6000 times normal,1 and this
level would be difficult to attain by exogenous adminis¬
tration of ACTH. In addition, it must be remembered
that the present study differs from these others because
growth hormone and prolactin are also secreted in
large amounts by the tumor and could be influencing
adrenal structure and function. Indeed, it has been
shown that these two hormones ameliorated the effect
of ACTH on adrenal weight in rats.2 Thus, although
the alterations in adrenocortical fine structure observed
in rats bearing MtT tumors may be principally at¬
tributable to the tremendously elevated levels of ACTH
originating from the tumor, prolactin and growth hor¬
mone are probably also involved in producing the ob¬
served changes. The concurrent alterations in steroid
biosynthesis must also be presumed to be due chiefly to
the high levels of ACTH. In this regard it is of interest
that Rapp37 has suggested that high levels of ACTH
bring about an increase in the ratio of DOC to corti-
costerone in the blood of rats. This presumably in¬
volves alterations in the activity of the adrenal mito¬
chondrial steroid hydroxylation system.

The hypertrophic smooth endoplasmic reticulum in
adrenocortical fasciculata-reticularis cells of MtT tumor-

bearing animals is presumably related to increased ca¬
pacity for steroid synthesis by the enlarged adrenals.
The 21-hydroxylas" . rzyme system involved in the con¬
version of progesterone to DOC is located in the mi¬
crosomal fraction of adrenal cortical cells,38 and the
high bloocl levels of DOC in these rats5 suggests that
the activity of this enzyme system is normal or above

normal. Independent studies13 have shown that the
cytochrome P-450 levels of the microsomal fraction of
adrenals from MtT tumor-bearing rats are elevated as
would be expected if 21-hydroxylase activity is above
normal. Similar hypertrophy of smooth endoplasmic re¬
ticulum occurs in liver after injection of phenobarbital
in rats.34 A pronounced hypertrophy of adrenal corti¬
cal smooth endoplasmic reticulum, however, has not
been a consistent finding after injection of ACTH in
previous studies. Volk and Scarpelli,53 however, ob¬
served hypertrophy of smooth endoplasmic reticulum
after injections of triparanol, an inhibitor of choles¬
terol synthesis, although the degree of hypertrophy was
much less than in the present study.

The presence of vacuolar structures in the zona re¬
ticularis suggests that these cells are undergoing cellular
degeneration. It is noteworthy that these vacuoles have
an electron-lucid matrix, suggesting to us that they
contain a water-like material, perhaps representing hy¬
dropic degeneration similar to that described previously
in the kidney.52 These changes, confined exclusively to
the zona reticularis, support the suggestion that this
zone is a location of cellular degeneration and cell
death.22 The normal processes of cell turnover may well
be accelerated under intense hormonal stimulation,
and thus numerous cells at various stages of degenera¬
tion have been identified in adrenals of tumor-bearing
animals.

The low juxtaglomerular index and virtual nonexist¬
ent pressor content of kidneys from tumor-bearing ani¬
mals suggest that the almost complete disappearance of
zona glomerulosa cells in MtT tumor-bearing animals
could be mediated by the renin-angiotensin system rather
than by a direct hormonal stimulation of zona glomeru¬
losa cells by ACTH, growth hormone, and prolactin.
According to current concepts, the size of the zona
glomerulosa and its functional activity are controlled
by the renin-angiotensin system,11. 20 although there is
disagreement as to whether this system is operative in
the rat.8-50 Furthermore, a difference in the effect of
ACTH and glucocorticoids on renin release makes it
difficult to explain low levels of renin in the kidney.
ACTH has been reported to increase plasma levels of
renin,21 and conversely, the level of glucocorticoids in¬
hibits renin release.21 Although the ACTH concentra¬
tion in tumor-bearing rats is 6000 times normal,1 the
elevated levels of corticosterone as well as deoxycorti¬
costerone may well have completely suppressed release
of renin from juxtaglomerular cells. Alternatively, an-
giotensinogen, the substrate for renin, is the precursor
for the formation of angiotensin,43 and this polypeptide
is known to be synthesized by the liver.36. 43 Fatty in¬
filtration occurs in the liver of tumor-bearing animals,14
and it has not been determined whether hepatic syn¬
thesis of angiotensinogen is similar to that in controls.

Even in animals receiving high salt diets in which the
zona glomerulosa width is suppressed, distinct zona
glomerulosa cells can be recognized both in the light
microscope12 and in the electron microscope.31 Pitui¬
tary hormones may well play an ancillary but nonethe¬
less important role in the disappearance of morphologi¬
cally identifiable zona glomerulosa cells. The intense
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ACTH stimulation of the adrenal in MtT tumor-bearing
animals may well have enhanced the transformation of
glomerulosa and/or subglomerulosal cells into zona
fasciculata cells, thereby contributing to the disappear¬
ance of zona glomerulosa cells. The question of cell
origin in the adrenal cortex has long stimulated much
controversy.3'40 Kahri25 reported that ACTH transforms
glomerulosa and/or subglomerulosal cells maintained in
tissue culture into typical zona fasciculata cells. Thus,
ACTH may be one of the regulators of cellular trans¬
formation in the adrenal cortex.
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SUMMARY

Blood pressure was measured in female Fischer F-344 rats
implanted with MtTF4 tumor. Three different groups of
animals were studied. Group 1 was given a normal diet and
water as drinking fluid. Group 2 was fed a normal diet and
given 1% sodium chloride solution as drinking fluid. Group 3
was uninephrectomized, fed a normal diet, and given 1%
sodium chloride solution as drinking fluid. Body weight, food
intake, and sodium intake were greater than controls in all 3
tumor-bearing groups. In Group 1, hypertension developed
and was maximal by 6 weeks. In Group 2 (salt-drinking rats),
hypertension was more severe, and its peak was reached at the
5th week. In Group 3 (salt-drinking, uninephrectomized rats),
there was a sharp blood pressure increase as soon as the 2nd
and 3rd week following tumor implantation. In all groups, the
hypertension was transient, and about 1 week following the
peak of hypertension the animals lost weight dramatically and
died. This was particularly evident for the uninephrectomized
rats drinking salt solution. Associated with the hypertension
were hypernatremia, hypokalemia, and decreased content of
renal renin. Kidneys of hypertensive rats were enlarged and
pale and showed petechial hemorrhages on the surface.
Cardiomegaly and necrotic lesions were present in their hearts,
while the extremely enlarged adrenals showed tremendous
vacuolization of the zona fasciculata, periodic
acid-Schiff-positive colloid droplets, fat infiltration, and,
especially in animals drinking salt solution, large areas of
necrosis. Plasma levels of 11-deoxycorticosterone were very
high in all groups of rats bearing the mammotropic pituitary
hormone tumor. Adrenocorticotropic dysfunction due to the
effects of the large amounts of adrenocorticotropic hormone
secreted by the mammotropic pituitary hormone tumor
appeared to be involved in the pathogenesis of the hyper¬
tensive cardiovascular disease seen in these animals. Hyper¬
tension failed to develop in adrenalectomized rats implanted
with the tumor and receiving the daily dose of 1 mg of
corticosterone s.c. A role for growth hormone or prolactin in
the development of adrenocortical dysfunction cannot be
excluded at this time.

INTRODUCTION

Recent studies have shown that morphological and
functional changes appear in rats during the growth of a

'This investigation was supported by Research Grant HE 06975
from the National Heart and Lung Institute, NIH, Bethesda, Md.

Received May 26, 1971; accepted August 25, 1971.

transplantable mammotropic pituitary tumor which secretes
large amounts of ACTH,2 growth hormone, and prolactin. The
morphological changes in the adrenal cortex consisted of
alterations in the fine structure of the mitochondria and
smooth endoplasmic reticulum (11). Low levels of cytochrome
P-450 were present in the adrenocortical mitochondria, and
the rate of 1 l|3-hydroxylation in these mitochondria was
reduced in comparison to that of control rats (3). Associated
with these changes was a highly elevated plasma
11-deoxycorticosterone level (3).

In view of the well-known hypertensive properties of
11-deoxycorticosterone (15), this study was undertaken to
determine the incidence of hypertension in rats implanted
with the mammotropic pituitary tumor. In addition, the
influence of high sodium chloride intake and uninephrectomy
on the development of hypertension was examined.

MATERIALS AND METHODS

The MtTF4 mammotropic pituitary tumor used in this
study was obtained from the laboratory of Dr. Robert W.
Bates, Endocrinology Section, National Institute of Arthritis
and Metabolic Diseases. The tumor was first produced by
Furth et al. (5) by implantation of stilbestrol pellets into rats,
and it became autonomous after several transfers. Fischer
F-344 female rats weighing about 150 to 170 g were used in
these experiments, and the tumor was implanted in them by
s.c. injections into both posterior legs.

The rats were divided into 6 groups: 3 groups, consisting of
15 animals each, were injected with tumor cells; the other 3
groups, consisting of 12 animals each, served as controls. One
tumor-implanted group and 1 control group received tap water
as drinking fluid. One tumor-implanted group and 1 control
group received 1% sodium chloride solution as drinking fluid.
One tumor-implanted group and 1 control group consisted of
rats which were uninephrectomized and received 1% sodium
chloride solution as drinking fluid. All groups were fed Purina
laboratory chow ad libitum, this diet containing 0.5% sodium
chloride. Rats were individually caged in a room with 12-hr
light and dark cycles and maintained at a temperature of 22 ±
1°.

Systolic blood pressure was determined in the tail with a
Physiograph Four (E and M Instrument Company, Houston,
Texas) with the rats under light ether anesthesia. At each

2 The abbreviations used are: ACTH, adrenocorticotropic hormone;
MtT, mammotropic pituitary hormone.
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interval, systolic blood pressure was measured 3 times in each
rat, and the average value was calculated. The blood pressure
was measured only when the rats were as stable as possible
(determined by respiratory and pulse rates). Under these
conditions, the levels obtained for each animal agreed within 5
to 10 mm Hg. Sodium consumption, plasma electrolytes, renal
renin, and juxtaglomerular indices were determined by
methods described in detail previously (10).

Rats that were drinking tap water were killed 3 and 7 weeks
after tumor implantation. Those rats given 1% sodium chloride
solution as drinking fluid were killed 3 and 6 weeks following
implantation of tumor cells. Uninephrectomized rats drinking
1% sodium chloride solution were killed 4 weeks after tumor

implantation.
Plasma 11-deoxycorticosterone levels were measured by a

sensitive radioimmunoassay method. 11-Deoxycorticosterone
was isolated from methylene chloride extracts of plasma by
ascending thin-layer chromatography on keiselguhr plates
previously impregnated with 6% propylene glycol in acetone
and developed in 50:50:5 (v/v) toluene:hexane:propylene
glycol.

Quantitation of 11-deoxycorticosterone was accomplished
by radioimmunoassay of the isolated 11-deoxycorticosterone
with an antiserum to testosterone-17-succinyl-bovine serum
albumin conjugate which cross-reacted significantly with
11-deoxycorticosterone. Antibody-bound and free steroids
were separated with dextran-coated charcoal as suggested by
Knobil (8).

In a supplementary study to determine whether the adrenal
gland was essential for development of hypertension, 41 rats
were used. Nine of them served as controls; 9 others were

implanted with tumor cells; 9 others were adrenalectomized;
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14 were adrenalectomized and had the tumor implanted. The
rats received daily s.c. injections of 1 mg of corticosterone in
0.2 ml of corn oil. All the rats had tap water as drinking fluid
and were killed 4 weeks following tumor implantation.

All numerical data were analyzed by Student's t test for
small sample size.

RESULTS

The weekly mean systolic blood pressures of the various
groups in the initial experiment are shown in Chart 1.
Following the implantation of the tumor into intact rats that
were drinking tap water, there was a steady rise in systolic
blood pressure up until the 6th week. At the 6th week, these
tumor-bearing animals were hypertensive when compared to
their controls, the blood pressure increment being about 40
mm Hg. By the 7th week, the blood pressure had fallen
precipitously in the tumor-bearing rats coincident with
deterioration in the general condition of the rats. When
tumor-implanted rats received sodium chloride solution as
drinking fluid, the systolic blood pressures increased at a high
rate between the 2nd and 5th weeks. The blood pressure
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Chart 1. Mean systolic blood pressures of control and mammotropic
tumor-implanted rats drinking water or 1% NaCI solution or unin¬
ephrectomized and drinking 1% NaCI solution. Vertical bars, 1 S.E.

Chart 2. Plasma levels of sodium (Top) and potassium (bottom) in
control and mammotropic tumor-implanted rats. Vertical bars, 1 S.E.
UNX, uninephrectomized rats.
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tumor-bearing rats at all time intervals studied (Chart 2). The
increase was particularly evident in rats drinking 1% sodium
chloride solution. Hypokalemia was evident especially when
tumor-bearing rats had become hypertensive. In keeping with
the increase in plasma sodium in hypertensive animals, there
were marked increases in sodium intake (Chart 3). The
increase in sodium intake arose in part from the increased food
consumption of tumor-bearing rats, but when they were
drinking sodium chloride solution, most of the increase in
sodium intake came from this source.

When the concentration of renin in kidney cortex was
measured for the various groups at the different time intervals,
the levels in the tumor-bearing rats were lower than in their
controls (Chart 4). The decrease was greatest at the time when
these rats became severely hypertensive. The rats that had
been implanted with tumor also had low juxtaglomerular
indices when compared to controls (Chart 4).

In confirmation of previous studies (2, 9), there were
significant increases in the weight of kidneys, heart, spleen,
liver, and adrenals in the tumor-bearing rats. The kidneys of
these animals were enlarged, pale, and soft and had scars and
petechial hemorrhages on the surface. Microscopic
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Chart 3. Sodium intake (mean per rat per week) of control and
lammotropic tumor-implanted rats drinking water or 1% NaCI solution
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ater-drinking animals, the sodium intake has been calculated only
om the food. Vertical bars, 1 S.E.

ttained was higher than that which occurred when tap water
as the drinking fluid, the blood pressure increment over
ppropriate controls being 50 mm Hg. By the 6th week, the
/stolic blood pressure of these salt-drinking hypertensive rats
ad fallen sharply, again associated with deterioration in the
□ndition of the rats. The combined effect of uninephrectomy
nd sodium chloride-containing drinking fluid was to increase
re rate of systolic blood pressure rise in rats implanted with
re tumor. By 2 weeks, the blood pressure increment over
ppropriate controls was about 40 mm Hg. During the 3rd and
th weeks, the blood pressures of the tumor-bearing animals
ill, the rats lost weight, and their conditions deteriorated.

Plasma sodium concentrations were increased in all
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Chart 4. Renal renin levels {top) and indices of granulation of the
cells of the juxtaglomerular apparatus {bottom) in control 'and
mammotropic tumor-implanted rats. Vertical bars, 1 S.E. UNX,
uninephrectomized.
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Table 1

Plasma concentration of 11-deoxycorticosterone in control and MtT rats

Weeks post No. of 11-Deoxy-
Group Drinking fluid implantation animals corticosterone (ng/ml)

Control h20 3 6 3.1 ± 1.2°
MtT h2o 3 7 30.0 ± 6.0b

Control h2o 7 6 5.5 ± 1.3
MtT h2o 7 8 59.2 ± 12.2b

Control 1% NaCl solution 3 6 13.9 ± 2.6
MtT 1% NaCl solution 3 7 30.0 ± 3.5c

Control 1% NaCl solution 6 6 16.2 ± 2.1
MtT 1% NaCl solution 6 4 55.5 ± 6.5c

Control Uninephrectomy + 1% 4 12 14.0 ± 1.0
NaCl solution

MtT Uninephrectomy + 1% 4 14 29.5 ± 3.0b
NaCl solution

a Mean ± S.E.
6

p < 0.01.
c

p < 0.05.
Table 2

Effect ofadrenalectomy on the systolic blood pressure ofMtT rats

Mean systolic blood pressure (mm Hg)

Postimplantation

Group No. of animals Preimplantation I wk 4 wk

Control 9
Bilaterally adrenalectomized rats 9
MtT 9

Bilaterally adrenalectomized rats 14
+ MtT

108 ±2° 112 ±4 122 ±4
109 ± 5 110 ± 5 116 ± 5
108 ±3 125 ±5 150 ±3b
107+ 2 109 ±4 115 ±6

a Mean ± S.E.

bp<0.01.

examination of the same organs revealed glomerular deposition
of hyaline material, hyaline casts in the tubuli, obliteration of
the arterial lumen, and deposition of hyaline material in the
media of many arterioles. Scars were also present on the
epicardial surface of the enlarged hearts of tumor-bearing rats,
and focal areas of myocardial necrosis with infiltration of
chronic inflammatory cells and fibroblasts were seen
microscopically. Renal and cardiovascular lesions were more
severe when sodium chloride solution was given as drinking
fluid to animals implanted with tumor. The adrenals of the
same rats became enlarged and red. Microscopic examination
showed lipid and periodic acid-Schiff-positive material in zona
fasciculata cells. Only a few zona glomerulosa cells remained.
In the tumor-bearing rats drinking 1% NaCl solution, large
areas of hemorrhages and necrosis were seen in the zona
fasciculata.

Plasma 11 -deoxycorticosterone levels for the various groups
are shown in Table 1. All MtT groups had very high
11-deoxycorticosterone levels when compared to
corresponding control groups. The level of
11-deoxycorticosterone in the blood appeared to depend on
the length of time following implantation of tumor cells, the
levels being almost twice as high in tumor-bearing rats killed
after 6 or 7 weeks than in similar rats killed after 3 or 4 weeks.

Control rats receiving 1% NaCl solution as drinking fluid had
higher plasma 11-deoxycorticosterone levels than other
control rats given tap water.

The effect of adrenalectomy on the development of
hypertension in tumor-bearing rats was examined, and the
results of this experiment are shown in Table 2. Four weeks
following implantation of the tumor, rats showed the expected
increase in systolic blood pressure; however, adrenalectomized
rats which were implanted with tumor were nonhypertensive,
with blood pressure values similar to those of
adrenalectomized controls despite injections of corticosterone
to correct for adrenal insufficiency.

DISCUSSION

This investigation has demonstrated that implantation and
growth of a mammotropic tumor secreting ACTH, prolactin,
and growth hormone in Fischer rats produces hypertensive
vascular disease. When these rats were also given free access to
sodium chloride-containing drinking solutions, the onset of the
hypertensive disease was accelerated and the severity of
hypertension increased. When kidney mass was decreased by
uninephrectomy, the rate of blood pressure increase following
implantation of the tumor was even greater.
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Associated with development of hypertension in
tumor-bearing rats were disturbances in sodium and potassium
metabolism, decreased levels of renal renin, and reduced
glomerular indices, all findings common to several forms of
experimental hypertension in which the pathogenesis is
thought to involve adrenal cortical dysfunction and excessive
sodium intake (4, 10, 16). Other studies have shown that the
hypertropic adrenals of MtT rats have abnormal structure (3)
and function (11), so that 11-deoxycorticosterone is produced
in elevated amounts when these glands are incubated in vitro
with progesterone (3).

This study indicates that plasma levels of
11-deoxycorticosterone are very high in all the MtT groups. It
appears therefore reasonable to suggest that the production of
hypertension in such tumor-bearing rats is due, at least in part,
to the increased secretion of 11-deoxycorticosterone by the
adrenal glands. The essential role of the adrenals in the
production of hypertension is also indicated by failure of
hypertensive vascular disease to develop when the MtT rats
were adrenalectomized, and there was no opportunity for
adrenocortical dysfunction to occur in absence of the adrenal
glands.

In the MtT groups, the blood pressure, after attaining a
maximum, fell precipitously during the week prior to the
sacrifice. This was associated with a severe loss in body weight
and deterioration in the general condition of the rats. This fall
in blood pressure was not related to a decrease of blood levels
of 11-deoxycorticosterone but was associated with a large
increase in the growth of the tumor.

It is important to consider the role played by each of the 3
pituitary hormones in the production of the adrenal
dysfunction and the development of hypertension. In related
studies, it has been shown that growth hormone markedly
increases the incidence of nephrosclerosis in rats that are also
treated with ACTH (13). Indeed, it appears that ACTH
treatment alone does not lead to the development of severe
hypertension (6, 7, 16), nor does the treatment with growth
hormone alone (13, 14). However, the 2 hormones were
administered in doses much lower and therefore not

comparable with the high levels seen in tumor-bearing rats (1).
Another study (12) has suggested that high levels of ACTH
may bring about an increase in the ratio of
11-deoxycorticosterone to corticosterone in the blood of rats,
but the level of 11-deoxycorticosterone in the rats with
elevated ACTH secretion was very small compared to the levels
found in MtT tumor-bearing rats. This suggests to us that the
large amounts of growth hormone secreted by the tumor could
modify adrenocortical function and contribute to the very
high 11-deoxycorticosterone levels of MtT rats. It has been
reported (3, 11) that prolactin and growth hormone modify
the effect of ACTH on the corticosterone production in the
adrenal glands, and therefore the synthesis of other adrenal
cortex steroids could also be affected.

It seems therefore likely that the hypertension developing in
MtT rats is due to altered adrenocortical function and

hyperproduction of 11-deoxycorticosterone. The role of each
of the 3 pituitary hormones secreted by the tumor in altering
the normal steroidogenesis is not yet defined. Studies are in
process in our laboratory in which these 3 hormones are given

in combination and separately to rats and the incidence of
hypertension observed.
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Summary. Implantation of a mammotropic tumor (MtTF4), secreting growth hormone,
prolactin, and corticotropin, in female rats of Fischer F344 strain causes hypertension, vas¬
culitis, renal and cardiac hypertrophy, and extensive renal and cardiac lesions. When rats of
the same strain were implanted with the MtTF4 tumor but sodium was withheld from the
diet, systolic blood pressure rose more slowly but by six weeks reached the same values
recorded in the animals implanted with the tumor and allowed to consume sodium ad libitum.
In the rats, on sodium deficient diet, however, the vascular damage as well as the renal
and cardiac lesions were minimal or absent.

Implantation of the tumor caused adrenal cortical dysfunction, and elevated levels of
deoxycorticosterone were seen in the peripheral plasma of the rats of all three groups. None¬
theless, plasma deoxycorticosterone was significantly lower in rats on a sodium deficient
diet as compared with those having sodium added to the diet. Light microscopic and ultra-
structural studies of the adrenal glands revealed that the lack of dietary sodium largely
prevented the extensive damage of the zona fasciculata cells usually seen in the tumor-bearing
rats, consuming sodium ad libitum.

Both hypertensive MtT tumor-bearing animals and normotensive controls on a sodium
deficient diet had a conspicuous increase of renal content of renin. It is evident that hyperten¬
sion may be produced in rats bearing the MtTF4 tumor even in the virtual absence of dietary
sodium. It does not appear that the hypersecretion of renal renin sustains the hypertension
in these rats, since high levels of this substance were seen in the kidney of normotensive
controls on the same sodium deficient diet. Elevated levels of plasma DOC may possibly
explain the hypertension. In addition, it is likely that the animals may also have elevated
levels of glucocorticoids.

Introduction

Studies from our laboratory have shown that severe hypertension is induced
in the rat during the growth of a transplantable mammotropie tumor (MtTF4)
secreting large amounts of corticotropin, somatotropin and prolactin (Molteni,
Nickerson, Latta and Brownie, 1972). Addition of salt to the diet of the tumor-
bearing rats results in especially severe hypertension with more extensive cardio¬
vascular and renal damage (idem.). It was also shown that the pathogenesis of
this model of experimental hypertension may be related to the hypersecretion of
deoxycorticosterone (DOC) by the adrenal gland (Brownie, Nickerson, Jowziak,
Siburu and Bates, 1970). The presence of the adrenals is essential since adrenalec-
tomized tumor-bearing animals do not develop hypertension (Molteni, Nickerson,
Latta and Brownie, 1972).
1 Virchows Arch. B Cell Path.
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Although it is well known that addition of salt to the diet enhances the hyper¬
tension produced in the rat by mineralocorticoid hormones (Selye, 1942; Selye
and Stone, 1943; Selye, Hall and Rowley, 1943), it is still not well established
whether the same disease develops when sodium is severely restricted. Selye,
Stone, Timiras and Schaffenburg (1949), and Tobian and Redleaf (1957) failed to
induce hypertension by administration of DOC to rats on sodium deficient diets;
on the other hand, De Champlain, Krakoff and Axelrod (1969) reported a moderate
increase in systolic blood pressure in rats receiving DOC and consuming a sodium
deficient diet. Furthermore, injections of methylandrostenediol (MAD) produces
hypertension even in rats deprived of sodium (Hall and Hall, 1963). The hyper¬
tensive action of MAD is mediated through excessive production of DOC by the
adrenal glands (Brownie and Skelton, 1968; Skelton, Brownie, Nickerson, Molteni,
Gallant and Colby, 1969). We, therefore, undertook a study of the effect of a
sodium deficient diet on the development of mineralocorticoid hypertension in
rats implanted with the mammotropic tumor MtTF4 in an attempt to clarify this
controversial problem.

Materials and Methods

The MtTF4 mammotropic pituitary tumor used in this study was obtained from the
laboratory of Dr. Robert W. Bates, Endocrinology Section, National Institute of Arthritis
and Metabolic Diseases. The tumor was first produced by Furth et al. (Furth, Clifton, Gadsden
and Buffett, 1956) by implantation of diethylstilbestrol pellets into rats and it became auto¬
nomous after several transfers. Fischer F344 female rats weighing about 150 to 170 g were
used for this experiment, and the tumor was transplanted by subcutaneous injections in both
hind legs.

The rats were divided into six groups: three groups consisting of 12 animals each were
injected with homogenates of the tumor; the other three groups, consisting of 10 animals
each, served as controls. One tumor implanted group and one control group received normal
Purina chow. This diet will be thereafter called normal chow diet. The second tumor implanted
group and the second control group received a sodium deficient diet prepared by Nutritional
Biochemicals Incorporated, Cleveland, Ohio which contained only traces of sodium1; 900 mg
of sodium chloride was added to each 100 g of sodium deficient diet to restore the content of
sodium toward normal and thereby test the nutritional properties of the diet independent
of its sodium content. This diet will be called from now "sodium restored diet". Finally, the
third group of tumor implanted rats and the third group of controls received the sodium
deficient diet without addition of sodium chloride. Distilled water as drinking fluid and food
were given ad libitum to all animals. Rats receiving sodium deficient diet were depleted of
sodium by subcutaneous injections of metalluride (Mercuhydrin-0.05 ml/kg rat body weight)
on the first and third day after beginning sodium restriction. The other rats received an
equal volume of normosaline. The tumor was implanted seven days after beginning sodium
depletion. Rats were caged individually in a room with 12-hour light and dark cycles and
maintained at a temperature of 22 ^ 1°C. Systolic blood pressure was determined in the tail
with a Physiograph Four (E and M Instrument Company, Houston, Texas); rats were placed
under light ether anesthesia. At each interval, systolic blood pressure was measured 3 times
in each rat, and the average value was calculated. Rats were killed by decapitation 7 weeks
after implantation of the tumor. Plasma concentrations of sodium and potassium, and renal
renin levels were determined by methods described in detail previously (Molteni, Brownie and

1 Sodium Deficient Diet-Rat-Modified, containing: 2.0% Alpha Cel, 7.0% corn oil, 4.0%
sodium-free salt mixture, 66.1% sucrose, 20.0% vitamin-free casein, fortified with complete
casein mix. Composition of the sodium-free salt mix is not stated in Nutritional Biochemicals
Diet Manual but according to a Company Representative (personal communication), is
similar to that reported by Hartroft and Eisenstein (1957).
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Skelton, 1969). Plasma levels of 11-deoxycorticosterone were measured by a sensitive radio¬
immunoassay method reported previously (Molteni, Nickerson, Latta and Brownie, 1972).

Organs for histological study were placed in 10% buffered formalin, then trimmed and
weighed after fixation. The kidneys were weighed fresh and bisected. One half was used for
renal renin content, the other half was placed in Helly's fixative; after fixation for 24 hours,
kidney tissue was embedded in paraffin, cut at 4 p. and stained by the procedure of Wilson
(1952) for juxtaglomerular granules. The juxtaglomerular index was measured in each kidney
by the method of Hartroft and Hartroft (1953).

For electron microscopy adrenal glands were freed of adherent fat and connective tissue
and 1 mm slices were fixed in 3% glutaraldehyde buffered to pH 7.3 with 0.1 M phosphate.
Tissue was processed according to methods described in detail previously (Nickerson, Brownie
and Skelton, 1964). Thin sections were cut with glass knives and stained with methanolic
uranyl acetate (Stempak and Ward, 1964) followed by lead citrate (Reynolds, 1963) before
examination with a Siemens 101 electron microscope. All numerical data were analyzed by
Student's "t" test for small sample size.

Results

Body Weight. The weekly mean body weights of the various groups are shown
in Fig. 1. Growth was slow but progressive in the rats of the control group con¬
suming the normal chow diet. With the sodium deficient diet, the growth was
somewhat slower, whether or not sodium was added, and, at the end of the exper¬
iment the mean body weight of these two groups of rats was significantly less
than the control group fed with the normal Purina chow (p < 0.05). Rats implanted
with the tumor and fed with normal chow diet had a conspicuous increase in body
weight up to the sixth week; thereafter, the weight fell markedly and the general
condition of the animals started to deteriorate. The body weight markedly
increased from the third to the sixth week in the tumor implanted rats fed with
the sodium restored diet. Such increase, however, did not reach the values re¬
corded in the tumor implanted rats fed with normal chow diet. Two animals
(16%) of the group fed the sodium restored diet died before the end of the experi¬
ment. No increase in body weight was recorded in tumor implanted rats fed the
sodium deficient diet. Since the beginning of the experiment the general condition
of these animals was very poor and 6 of them (50%) died before the end of the
experiment. The rats on the sodium deficient diet ate less food than those main¬
tained on normal chow diet (505 ± 152 grams vs. 581 ± 13 for the control rats
and 603 ±38 vs. 719 ±16 for those implanted with the MtTF4 tumor). Food
consumption of the rats on sodium restored diet was in between the above values
for the two other groups.

Systolic Blood Pressure. The weekly mean systolic blood pressures of the
various groups are shown in Fig. 1. No significant changes were seen in control
rats of any group. In tumor implanted animals fed with normal chow diet, there
was a steady rise in systolic blood pressure until the sixth week. At the sixth
week these tumor-bearing rats were hypertensive, when compared to correspond¬
ing controls, the blood pressure increment being about 40 mm Hg (p< 0.001). In
the tumor implanted rats on sodium deficient diet with or without added salt,
systolic blood pressure also rose steadily but at a slower rate, particularly in the
sodium-deficient animals, when compared to tumor-bearing animals on normal
Purina chow. By the sixth week, however, the systolic blood pressure of all three
2 Standard error of the mean.
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. . . . Controls
' MtT F4 Tumor

Controls Na Deficient Diet*NaCI
..... MtT F4 Tumor Na Deficient Diet + NaCI

Controls Na Deficient Diet

Fig. 1. Mean body weights (top) and systolic blood pressures (bottom) of controls and
mammotropic tumor implanted rats. The solid bars represent the standard error of the mean

tumor-bearing groups reached the same elevated values, so that hypertension
was present irrespective of diet and whether or not the animals were fed with
salt. The deterioration of the general condition, quite evident at this period, of
rats on sodium deficient diet did not prevent the rises of the blood pressure. After
the sixth week, in conjunction with the loss of body weight, a sudden fall of blood
pressure was also recorded for the animals of all three groups. This drop in blood
pressure and in body weight coincided with necrosis of the implanted tumors.
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Table 1. Plasma concentrations of sodium, potassium and deoxycorticosterone, renal renin
content and granulation indices of juxtaglomerular cells of control and MtTF4 tumor-bearing

rats

Number
of rats

Plasma
Na

(mEq/1)

Plasma
K

(mEq/1)

Plasma
D0Ca

(ng/ml)

Renal renin Indices of

(ng angiotensin 2 granula-
/4 mg renal tion of
cortex/hr) JGA cells

Controls 10 143 ±1 6.1 ±0.1 10± 3 40± 5 34 ± 5

MtTF4 Tumor 12 149 ±2b -Q©-Ho 88 ± 7b 8± 2b 9±2b
Controls

(NA restored diet)
10 140 ± 1 6.5± 0.1 22 ±2 52 ± 5 30 ± 2

MtTF4 Tumor

(Na restored diet)
10 145 ±2b 6.0± 0.2 102± 9b 12± 2b 5±lb

Controls

(Na deficient diet)
10 136 ±1 6.1 ±0.1 16± 4 102 ± 15 45 ± 5

MtTF4 Tumor

(Na deficient diet)
6 125 ±2b. <=8.3 ±0.3". c 58± 3b0 125± 20c 58± 5°

a 11-Deoxycorticosterone.
Values are means ± standard error of the mean
b Significant (p < 0.05) difference between tumor-bearing rats of each group and their controls.
c Significant (p< 0.05) difference between values of the tumor-bearing rats on sodium free
diet vs. tumor-bearing rats on normal sodium diet.

Plasma Sodium and Potassium. The deficiency of dietary sodium resulted in
a significant reduction of the plasma levels of this electrolyte both in controls
and tumor-bearing animals (Table 1), but such levels were even lower in the tumor
bearing hypertensive animals than in the controls. The plasma levels of sodium
were significantly higher in the two groups of tumor implanted hypertensive rats
on normal chow diet or on sodium restored diet than in the two respective control
groups. Significant hypokalemia was seen in tumor-bearing rats on normal chow
diet while tumor-bearing animals on the sodium deficient diet showed a marked
hyperkalemia. Tumor-bearing rats on the sodium restored diet had plasma levels
of potassium intermediate between the values of the two former groups (Table 1).

Renal Renin Content and Juxtaglomerularity Indices. As is shown in Table 1
the reduction of sodium intake from the diet resulted in a conspicuous increase
in renal renin concentrations and granulation indices of JGA cells both in the
control and tumor implanted rats. In contrast, the animals implanted with the
tumor but with normal chow diet or sodium restored diet had a marked decrease
both of renal renin levels and JGA granules.

Plasma 11-Deoxycorticosterone. Plasma 11-deoxycorticosterone levels for the
various groups are also shown in Table 1. MtTF4 tumor-bearing rats of every
group had very high 11-deoxycorticosterone levels when compared to the cor¬
responding controls. The lack of dietary salt, however, influenced these levels
since 11-deoxycorticosterone concentrations of tumor-bearing rats on the sodium
deficient diet were, although very elevated, about 40-50% less than those seen
in tumor implanted animals receiving salt.
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Table 2. Organ weights of control and MtTF4 tumor-bearing rats

Kidneys Heart Liver Thymus Pituitary Adrenals Ovaries
(mg) (mg) (mg) (mg) (mg) (mg) (mg)

Controls 1490 ±31 618 ±31 6442±60 168 ±11 15.0 ± 1.2 53.0±3.0 63.0±3.0
MtTF4tumor4381 ±334a 1056±38a 23358±200a 43±10a 11.0±0.6a 495.0±47.0a 36.0±5.0a

Controls 1243± 18 636± 18 6602±18 170±7 18.0±1.4 51.0±1.4 49.0±1.0
(Na restored
diet)

MtTF4tumor2603± 186a 1145±61a 15737±613a 36±2a 15.5±2.0 261.0±36.0a 35.0±0.9a
(Na restored
diet)
Controls 1324±24 602±11 6895±102 161 ±8 18.0± 1.0 56.0±1.4 52.0±3.0
(Na deficient
diet)
MtTF4 tumor 1597±72".b 696±31a. b 11009±400a 32±4a 12.8±5.2 136.0±5.0a.b 38.0±3.0a
(Na deficient
diet)

Values are means ± standard error of the mean.
a Significant (p< 0.05) difference between tumor-bearing rats of each group and their controls,
b Significant (p<0.05) difference between values of the tumor-bearing rats on sodium free
diet vs. tumor bearing rats on normal diet.

Organ Weights. The weight of selected organs is reported in Table 2. A signi¬
ficant enlargement of kidneys and heart was seen in all rats implanted with
tumor. Such an increase in organ weight was, however, quite different and related
to the diet which the rats consumed. Tumor-bearing rats on normal chow diet had
kidneys and heart weight by far larger than that of rats also implanted with tumor
but on sodium restored diet. The weights of these two organs in rats of this
group, however, were still larger than those of the organs of tumor-bearing rats
on sodium deficient diet. The same trend was evident in the weight of liver and
adrenals. All tumor implanted rats had a significant decrease of the weight of
thymus and ovaries. The decrease in pituitary weight was significant only in
tumor-bearing animals on normal sodium diet.

Morphologic Observations: Tumor. The mammotropic tumor grew well in all
rats; it was more bulging and solid in the animals receiving the normal chow
diet, it was less bulging and it spread more widely in those eating the sodium
deficient diet, specially when sodium was not restored. Large areas of skin ulce¬
ration and extensive necrosis within the tumor mass were also more evident in

the rats of the latter group at the end of the experiment.
Kidneys. Kidneys of the tumor-bearing rats were enlarged, pale and soft.

These changes were more evident in animals consuming sodium which, in addition,
showed scars and petechial hemorrhages on the renal surface. Microscopic exami¬
nation revealed in all tumor-bearing rats hyaline tubular casts and cloudy swelling
of tubular cells. The animals consuming sodium showed, in addition, glomerular
deposition of hyaline material, increased thickness of the media and intimal
proliferation of the renal arteries and arterioles ("onion skin appearance") with
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total or partial lumen obliteration. None of the tumor-bearing hypertensive rats
on sodium deficient diet showed evidence of renal vasculitis.

Heart. Scars were present on the epicardial surface of the enlarged hearts of
tumor-bearing animals consuming sodium; focal areas of myocardial necrosis with
infiltration of chronic inflammatory cells were seen microscopically. One rat only,
among those implanted with tumor but without access to sodium, showed conspi¬
cuous heart hypertrophy and epicardial scars while in the others only moderate
hypertrophy was evident without any significant vasculitis at the histologic
examination.

Liver. The liver of tumor-bearing rats on normal chow diet was very large
and yellow. Histologically, fatty infiltration and marked increase of the hepato-
cytes were revealed. The gross and histological appearance of this organ in our
rats, therefore, was similar to that already reported by Clifton and Furth in 1957.
The fatty infiltration was not so prominent in tumor-bearing rats eating the
sodium restored or the sodium deficient diet.

Adrenals. The adrenal glands of control rats on sodium restored diet were

essentially indistinguishable, at gross and microscopic appearance, from those of
rats on normal chow diet. Adrenals of control animals on sodium deficient diet
were more red in color and, histologically, the zona fasciculata was very compact
and the zona glomerulosa hypertrophic.

The adrenals of rats implanted with the tumor and eating the normal chow
diet were very large and red. Microscopically, areas of hemorrhage and necrosis
were apparent in the zona fasciculata where many cells were also vacuolated with
cytoplasmatic deposits of lipids and material positive to periodic acid-Schiff
coloration. The cells of the zona glomerulosa were grouped in clusters and an
area of transitional cells of difficult identification was present between the clusters
of zona glomerulosa cells and the zona fasciculata. Adrenals of tumor-bearing
rats on sodium deficient diet were only moderately enlarged and light brown
rather than yellow in color. Microscopically, the lipid deposition in the zona
fasciculata cells was less conspicuous and vacuoles were predominantly seen only
in the cells of the external rim of this zona. The cells of the zona glomerulosa were
still collected in clusters and the cells were quite enlarged. These rats also showed
the presence of an interzonal transitional area between the clusters of zona

glomerulosa cells and the zona fasciculata. Rats on sodium restored diet and
tumor implanted had adrenals which resembled more closely those of the rats
eating normal chow diet rather than those of rats on sodium deficient diet.

Adrenal TJltrastructure. The adrenal ultrastructure of zona fasciculata cells
from control animals whether or not they were consuming sodium was similar to
that described previously (Nickerson, Brownie and Molteni, 1970). Tumor-bearing
animals consuming the normal diet or the sodium restored diet exhibited marked
changes of ultrastructure similar to those already reported (idem.). Mitochondria
appeared moderately swollen, the cristae were reduced in number and also
reduced was the electron opacity of the matrix (Fig. 2). The smooth endoplasmic
reticulum was also hypertrophic (Fig. 2). However, the adrenals in tumor-bearing
animals receiving a sodium deficient diet, were not as severely damaged (Fig. 3) as
those with sodium supplement. Many mitochondrial cristae in zona fasciculata
cells were similar to those in controls, although the number of cristae varied from
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Fig. 2. Zona fasciculata cell from tumor-bearing animal receiving deficient diet plus 0.9%
sodium chloride. Mitochondrial cristae are reduced in number and the electron opacity of
the matrix is clear. Smooth endoplasmic reticulum appears markedly hypertrophic. X 20000

one cell to another. Smooth endoplasmic reticulum was generally hypertrophic
(Fig. 3). Smooth endoplasmic reticulum was also hypertrophic in zona glomerulosa
cells from animals bearing the tumor.

Discussion

The present experiment has shown that hypertension with high levels of
plasma deoxycorticosterone may indeed develop in rats deprived of sodium. It
has also shown that the blood pressure rises although slower to develop, in these
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Pig. 3. Zona fasciculata cells from tumor-bearing animal receiving deficient diet. Mitochondrial
cristae are tubulo-vesicular, tightly packed and dispersed throughout the matrix of the
mitochondria. Smooth endoplasmic reticulum is hypertrophic. The Golgi apparatus is small,

consisting of several cisternae. Lipid droplet, cell membrane, microvilli. X 20000

rats can be as high as those seen in animals consuming a diet normal in its sodium
content. The hypertensive rats implanted with the MtTF4 tumor but receiving
sodium deficient diet, however, did not show the extensive and severe damage of
the renal and cardiovascular systems usually seen in mineralocorticoid-induced
experimental hypertensive vascular disease. Severe vasculitis also did not develop
in these rats, a finding in direct contrast with what is usually seen in all models of
mineralocorticoid-induced hypertension. Furthermore the adrenal glands of the
same animals were only very moderately damaged and the hypersecretion of
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DOC was not as elevated as in rats bearing the mammotropic tumor and allowed
free access to sodium.

Our results are in agreement with those of Hall and Hall (1968) and De
Champlain, Krakoff and Axelrod (1969), the only difference being that the increase
of systolic blood pressure recorded in our animals on sodium deficient diets is
definitely higher than that recorded in their experiments.

The role of sodium in the development of hypertension has also been studied
by Louis, Spector and Tabei (1971) in the Okamoto-Aoki, a strain of genetically
hypertensive animals. These investigators found that a moderate but significant
increase of systolic blood pressure was recorded in rats on sodium deficient diet,
while the addition of this electrolyte to the food, resulted in more severe hyper¬
tension and in extensive renal and cardiovascular damage. This observation is in
contrast to the experiments of Dahl, Heine and Tassimari (1962) who reported
that, in another strain of rats where hypertension was genetically transmitted,
the addition of sodium to the diet was necessary to "unmask" the insurgence of
the disease.

It is therefore evident that sodium is not indispensable for the development
of hypertension, but it is rather an important adjuvant coagent. The vasculitis,
usually quite marked in the mineralocorticoid-induced models of experimental
hypertensive disease, was absent in the tumor-bearing rats on sodium deficient
diet. This would indicate that such vasculitis is likely to be related to sodium and
associated with deposition of this electrolyte in the arterial wall (Tobian and
Redleaf, 1957). It has also to be considered that the tumor-bearing rats on sodium
deficient diet required a longer time before they became frankly hypertensive and
remained in such condition for only about a week. The fact that these rats re¬
mained hypertensive for a shorter period of time could be an alternative explana¬
tion for the lack of severe vasculitis.

The sodium deficient diet influenced the general condition and the growth of
the rats. That is in agreement with the findings of Hartroft and Eisenstein (1957)
who also found that, with severe sodium deficiency, growth is suppressed compared
to pair fed rats on the same diet containing 0.67% NaCl. The fact that when
sodium was restored to the diet the rats did not grow as well as those on normal
chow diet indicates that the growth retardation was not only due to a lack of
dietary sodium but inherent to the general composition of the diet itself. The
bulkiness of the diet we used may also well make it less palatable to the rats,
which ate less than those on normal chow diet, and that could explain the dimin¬
ished growth. Anyhow the amount or the quality of the diet did not prevent the
blood pressure for rising in the tumor implanted rats to the same values recorded
in the rats fed the normal chow diet.

Although hypertension may be induced in rats in conditions of severe deficiency
of dietary sodium, the pathogenetic mechanisms of the disease, however, are far
from clear. The hypertensive rats bearing the mammotropic tumor and kept on a
sodium deficient diet had extremely high concentrations of renal renin. However,
normotensive control rats on the same diet also had high renal levels of renin.
This would suggest that the renin angiotensin system is not a factor conditioning
the blood pressure rises in this form of experimental disease. Nonetheless we
cannot exclude the possibility that tumor-bearing animals may be more sensitive
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to renin or angiotensin, or that the turnover of these substances differs from that
in controls.

Hypertrophy of zona glomerulosa was seen in sodium deficient animals
although it was more evident in normotensive controls than in hypertensive
tumor-bearing rats. It is doubtful whether hypersecretion of aldosterone from
the zona glomerulosa cells could sustain the hypertension. Nonetheless, deter¬
minations of plasma aldosterone will be required to evaluate the effect of this
steroid on the blood pressure regulatory mechanism in the tumor-bearing animals.
In other studies aldosterone is known to produce mild hypertension in rats with a
restricted sodium intake (Hall, Holland and Hall, 1967).

The tumor-bearing animals on a sodium deficient diet showed an increased
production of deoxycorticosterone notwithstanding an almost normal appearance
of the zona fasciculata. It may well be that these levels of deoxycorticosterone
are adequate to sustain hypertension and this hormone could exert a peripheral
vasoconstrictory effect. Studies employing deoxycorticosterone injections are
necessary to verify whether a plasma concentration of this steroid similar to that
observed in the present investigation produces hypertension in rats on sodium
free diet. Furthermore, the changes in zona fasciculata cells of tumor-bearing
rats on sodium deficient diet, although mild, could well reflect adrenal cortical
dysfunction due to increased production of other steroids such as corticosterone
or cortisone. Indeed, the gross and histologic changes in renal and cardiovascular
system of our hypertensive tumor-bearing animals on sodium deficient diet are
reminiscent of those seen in glucocorticoid rather than mineralocorticoid-induced
hypertension. It has been shown that cortisone may produce mild hypertension
even in adrenalectomized rats on sodium restricted diet (Knowlton, Loeb, Stoerk,
White and Heffernan, 1952). The hypertensive properties of corticosterone have
also been reported in rats bearing another tumor, the carcinoma 494 (Molteni,
Nickerson and Brownie, 1975). Even in this case the disease was not associated
with severe vasculitis. Another possible reason of development and maintenance
of hypertension could be the decreased metabolization of glucocorticoid hormones
by the liver of the tumor-bearing animals. Hepatomegaly and fatty liver degene¬
ration were evident in all tumor-bearing rats and have already been described in
previous papers (Furth, Clifton, Gadsden and Buffett, 1956; Brownie, Nickerson,
Jowziak, Siburu and Bates, 1970). Difference in severity of fatty liver degeneration
were evident when the tumor-bearing rats on normal Purina diet were compared
to the same animals maintained on the sodium restored or as a sodium deficient
diet. This was paralleled by changes in body weight and in growth. It is very
likely that, besides the presence or the lack of sodium, the composition of the
sodium deficient diet may explain such differences. Influence of this diet on
steroidogenesis, also, cannot be ruled out and the problem deserves further in¬
vestigation. Further studies on the secretion of glucocorticoid hormones and their
concentration in the plasma of the tumor-bearing animals are therefore necessary
in order to assess their role in the pathogenesis of this form of experimental
hypertensive disease.

With the present discussion we have indicated that the pathogenesis of hyper¬
tension in these rats is still unclear and may be related to the hypersecretion of
different adrenocortical hormones. However, there is no doubt that a significant
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increase of systolic blood pressure may be produced in Fischer rats bearing the
mammotropic tumor MtTF4 even with a diet severely deficient in its sodium
content, and it is not related to the growth of the animals.
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Summary. Severe hypertensive vascular disease was produced in 1969 in our laboratory
by implantation of the mammotropic tumor MtT-F4, secreting very large amounts of cortico¬
tropin, prolactin and growth hormone in Fischer F 344 female rats. The hypertension was
caused by adrenal cortical dysfunction with hyperproduction of deoxycorticosterone (DOC),
and consequent sodium retention. Ultrastructural changes in the zona fasciculata cells of
the adrenal glands were also evident in the tumor-implanted hypertensive rats, thus con¬
firming the impaired adrenal steroidogenesis. The tumor has been maintained in our laboratory
by continuous passages from rat to rat or it was being stored frozen for 3 years and then
reimplanted. Implants with these new strains of tumor resulted in marked reduction or
total loss of its hypertensinogenic ability. In addition to the failure to develop hypertension,
the same strains of tumor also showed a reduced secretion of corticotropin, reflected in a
smaller increase of the adrenal weight, a smaller reduction of thymic weight and a less marked
sodium retention with normal levels of plasma sodium. The less elevated secretion of cortico¬
tropin was also indicated by a more normal ultrastructural appearance of the zona fasciculata
cells. No alterations in the tumor secretion of growth hormone and prolactin was evident
with the continuous passage from rat to rat, at least judging from the effect of the two hor¬
mones on their target organs. It is still controversial as to whether a synergistic action of
corticotropin, growth hormone and prolactin is necessary in order to cause severe hyper¬
tensive vascular disease in the rats implanted with the mammotropic tumor. However,
the present experiment has outlined, that among the three hormones secreted, corticotropin
definitely plays a major role in the development of such disease.

The transplantable mammotropic pituitary tumor MtT-F4, developed by Furth
following injection of diethylstilbestrol, secretes a 6000-fold quantity of cortico¬
tropin (ACTH) and, at least, 30 times the normal amounts of somatotropin and
prolactin (Furth, Glifton, Gadsden, and Buffet, 1969; Bates, Milkovic, and Gar¬
rison, 1962). We have reported from our laboratory that this tumor impairs
normal adrenocortical steroidogenesis (Brownie, Nickerson, Jozwiak, Siburu, and
Bates, 1970) thus leading to deoxycorticosterone (DOC) hypersecretion and the
consequent onset of severe hypertensive vascular disease (Molteni, Nickerson,
Latta, and Brownie, 1972). We have also reported that the tumor produces
significant changes in the ultrastructure of greatly enlarged adrenals within six
weeks: the mitochondria of zona fasciculata cells become elongated, mitochondrial
cristae decrease in numbers and lose their vesicular shape, smooth endoplasmic
reticulum becomes hypertrophic, and the cytoplasm shows large lipid droplets
and numerous vacuoles (Nickerson, Brownie, and Molteni, 1970).

It is still open to question as to whether the hypertensive effect of the tumor
is due to the hypersecretion of one of the hormones, very likely corticotropin,
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or is the consequence of the interaction of two or all three hormones. In further
experiments, we found that after several passages the tumor produces metastasis
to the retroperitoneal lymph nodes and often loses some of its capacity to secrete
the very highly elevated levels of corticotropin reported previously (Nickerson,
Molteni, and Nakayama, 1973). Purpose of the present investigation was to
verify if and how continuous passages of the tumor from rat to rat or its storage
for several years could modify the secretory activity of the tumor itself. Changes
of the tumor's hormonal secretions could directly affect the development of
hypertensive vascular disease in the implanted animals. The study of such changes
should contribute to a better understanding of the pathogenesis of the disease
in this model of experimental hypertension.

Materials and Methods

We first obtained the MtT-F4 tumor from Dr. Robert Bates, Endocrine Research Labora¬
tories, National Institutes of Arthritis and Metabolic Diseases in the summer of 1969. After
several passages, the tumor began to lose some of its potency for hormone secretion but
nonetheless it was maintained in our laboratory until 1971 for a total of 15 passages. In 1973,
Dr. Bates provided us with more of the original tumor, we already received in 1969. The
tumor was stored frozen at —18° C, for three years in his laboratory. We are reporting here
the data obtained from three experiments: one produced by the implant of the mammo-
tropic tumor in 1969, the second produced by the implant of the same tumor after 15 passages
from rat to rat in our laboratory, and the third produced by the implant of the same tumor
of 1969 but kept frozen for three years in Dr. Bates' laboratory. Female rats of Fischer
F 344 strain were supplied by Microbiological Associates, Walkersville, Maryland and weighed
approximately 150 grams. Groups of 15 animals were used for each tumor implant. The
tumor was implanted in the hind legs of all rats by the same person and with the same tech¬
nique. Care was taken that the rats were always housed in the same room and fed with the
same brand of Purina chow. Animals were given tap water ad libitum. The room temperature
was maintained at 18° C with 12 hours of light and dark cycles. During the four years span
of our experiments, the animal facilities were unchanged. In each experiment 10 rats of
the same strain, age and sex were used as control nontumor bearing animals. All rats used
here were killed by decapitation 6 weeks after tumor implantation. Systolic blood pressure
was recorded in all animals before the tumor transplant? and 3 days before sacrifice with
a Physiograph Four Instrument (E & M Instruments, Houston, Texas) according to a procedur
reported previously (Molteni, Brownie, Skelton, 1969). At autopsy, the tumor, hearts, kidneys,
spleen, liver, thymus and pituitary were removed and fixed in formalin. Adrenal glands
were weighed fresh and after weighing, representative samples from each experimental
group were fixed for electron microscopy in 3% glutaraldehyde buffered to pH 7.3 with
0.1 M phosphate. The glands were then rinsed in ice cold 0.1 M phosphate (pH 7.3) and
processed for electron microscopy. Tissues were embedded in Epon 812 and Araldite (Mollen-
hauer, 1969). Thin sections were cut on a Porter-Blum MT-1 ultramicrotome and stained
with uranyl acetate (Stempak and Ward, 1964) and lead citrate (Reynolds, 1963) before
examination with a Siemens 101 electron microscope.

The other tissues were weighed three weeks after formalin fixation, embedded in paraffin
by the usual procedure and stained with hematoxylin and eosin.

All data was examined by the Students "t" Test and a value less than or equal to 0.05
was considered significant. Data was expressed as the mean ^ standard error of the mean.

Results

The effect of the MtT-F4 tumor on organ growth has been well characterized
in the literature (Bates, Milkovic, and Garrison, 1964) but the gross aspects of
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our 3 types of tumors will be described briefly. The tumor growth varied in the
three experiments. In 1969 the excised tumor mass weighed 48 dr 8 grams, six
weeks after its implant. The continuous passage of the tumor from rat to rat
enhanced its growth so that, in 1971 after 15 passages from rat to rat, the tumor
mass reached the weight of 132^5 grams six weeks after the implant. The
growth was slower when the tumor was implanted after three years of storage at
freezing temperatures, so that its weight, after six weeks of growth in the im¬
planted rats was 26 ±4 grams. Occasional ulcerations of the skin surrounding
the neoplasm were observed, although all tumors appeared well encapsulated.
Sometimes the tumor compressed the muscle fibers and the nerves presumably
because of its large size. That was especially true for the tumor grown in our
laboratory and implanted in 1971 which also grew metastasis in spleen and
abdominal lymph nodes. All animals implanted with the tumor showed a marked
hypertrophy of the mammary glands with occasional secretion of milk and
purulent material as reported by Milkovic and Bates (1964).

In Table 1 we report the initial and final body weight and the initial and
final systolic blood pressure of rats implanted with the three types of tumor and
of the controls killed at the same time. It appears, from this table, that the body
weight and the systolic blood pressure of all groups of rats did not differ from
each other before the tumor implantation. In 1969 the tumor implanted rat grew
significantly less than in 1971. Such changes in body growth partially reflect the
growth of the tumor. The rats implanted with the tumor in 1969 became severely
hypertensive, while with the repeated implants in our laboratory, the tumor lost
its hypertensive properties. The tumor of 1973 implanted after 3 years of storage
caused only a very modest rise of systolic blood pressure. Changes in plasma
sodium levels correlated well with the changes of systolic blood pressure. The
weight of the controls was very close even in determinations made years apart;
their growth was regular and their blood pressure did not change significantly
with the aging.

The organ weights of tumor-bearing and control rats are reported in Table 2.
The tumor produced a marked increase in the weight of heart, kidney, spleen,
liver and adrenals. Significant differences, however, were evident among the
organ weights produced by the tumor at the different time intervals. In 1969,
the tumor caused a very marked renal hypertrophy, coincident with the severe
hypertension. In 1971 the tumor grown in our laboratory caused a small increase
in renal weight (no hypertension) but the highest increase in the heart weight.
On the other hand, in the animals bearing this type of tumor, it was apparent
that the weight of the adrenals, although elevated, did not reach the same values
recorded in rats bearing the tumor in 1969. Growth of all the strains of tumor
also produced a significant reduction in the weight of the thymus. The most
severe reduction in the thymus weight was seen in the animals receiving the
tumor in 1969, the same animals which developed the most severe hypertension.
The opposite seemed to be true for the weight of liver and spleen, where, although
the weight of these organs was increased in all tumor bearing animals, the largest
increases were seen in the normotensive rats bearing the tumor line kept in our

laboratory in 1971.



Table1.Bodyweight,systolicbloodpressure(initialandfinal),andplasmasodiumlevelsofcontrolsandratsimplantedwiththe3strainsof MtT-E4tumor

Bodyweightinitial
Bodyweightfinal
Systolicblood

Systolicblood

PlasmaNa

pressureinitial

pressurefinal

(gm)

(gm)

(mmHg)

(mmHg)

(mEq/L)

Tumor1969(initialsupply)
164±8a

289±4

100±2

155±5

152±2

Tumor1971

175±2

380±8**

100±2

95±3*

125±1**

(after15passagesinourlaboratory) Tumor1973(frozenfor3years)
158±3

205±2**

90±2

130±4*

144±1*

Controls1969

166±5

172±6

100±5

110±5

143±1

Controls1971

161±4

168±6

95±2

105±5

134±1

Controls1973

158±3

162±4

85±3

90±4

138±2

aStandarderrorofthemean(S.E.M.). * p<0.05;**p<0.01. InthestatisticalstudythestrainsofMtT-F4tumorof1971and1973werecomparedwiththestrainof1969. Table2.Weightofsomerepresentativeorgansofcontrolsandratsimplantedwiththe3strainsofMtT-F4tumor Heart

Kidney

Spleen

Liver

Thymus

Pituitary

Adrenals

(mg)

(mg)

(mg)

(mg)

(mg)

(mg)

(mg)

Tumor(1969)(initialsupply)
1056±38a

4381±

33

711±134

23528±2000
43±10

11.0±0.6

495±47

Tumor(1971)

1327±33*

1834±

72**

1713±242**
38511±2301**
91±32

11.7±0.8

337±18*

(after15passagesinourlaboratory) Tumor(1973)(frozenfor3years)
957±59

3720±214*
638±95

24157±1008
70±15

12.1±1.0

557±34

Controls1969

618±31

1490±

31

377±11

6442±600
158±11

13.0±1.2

53±3

Controls1971

634±55

1261±

61

371±11

6268±150
134±4

12.0±0.9

53±2

Controls1973

589±17

827±

26

386±11

5654±159
150±6

12.0±0.5

52±2

aStandarderrorofthemean(S.E.M.). * p<0.05;**p<0.01. InthestatisticalstudythestrainsofMtT-F4tumorof1971and1973werecomparedwiththestrainof1969.
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Fig. i. Zona fasciculata cells after 6 weeks of transplant of the original mammotropic tumor
in 1969. Whorls of parallels cisternae of smooth endoplasmic reticulum (SEE) appear in the

cytoplasm. Mitochondria contain small numbers of tubular cristae (M). X 21600

Ultrastructural Observations

The implantation of the three variants of the mammotropic tumor induced
characteristic differences in their effects on the ultrastructure of the adrenal
cortex. The first strain of tumor (implanted in 1969) produced extensive altera¬
tions in the morphology of cells in the zona fasciculata-zona reticularis. Although
the ultrastructure of the adrenal cortex has already been described in a previous
report from our laboratory (Nickerson, Brownie, and Molteni, 1970), nevertheless
a short description of it will be given here as a basis in order to compare the
changes seen in the rats bearing the other strain of MtT-F4 tumor (Fig. 1). The
cristae of many mitochondria were reduced in numbers and many of them were
located peripherally. The reduction in cristae was accompanied by a corresponding
increase in the matrix component of the mitochondrion. Hypertrophy of the
smooth endoplasmic reticulum was a particularly noticeable finding. The smooth
membranes often formed whorl-like structures throughout the cytoplasm.

By contrast, the strain of tumor evolved in our laboratory showed that after
15 passages from rat to rat the reduction in mitochondrial cristae was more
variable than that in the original strain, and that the mitochondria of many
cortical cells appeared to be much more similar to those of control animals (Fig. 2).
Smooth endoplasmic reticulum was hypertrophic, although no whorls of smooth
membranes were observed and membranes were composed of short, anastomosing
tubules (Fig. 2).
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Fig. 2. Zona fasciculata cells from a rat implanted for 6 weeks with the mammotropic tumor
after 15 consecutive passages in our laboratory. Mitochondrial cristae (C) are vesicular and
fill virtually the entire matrix. Smooth endoplasmic reticulum (SEE) is hypertrophic. Lipid

droplet (L). X 17400

The last strain of tumor (1972) kept frozen for three years was similar in
ultrastructure to that of the first strain. The mitochondrial cristae were reduced
and smooth membranes formed concentric whorls of lamellar membranes (Fig. 3).

Discussion

Continuous passage of the mammotropic MtT-F4 tumor from one rat to
another, and its freezing and its prolonged storage at low temperature result in
new variants of the tumor itself with significant changes of its hormonal secretion.
Such changes however, appear to be rather selective and to involve, in particular,
one of the three hormones secreted by the tumor: corticotropin. The decreased
secretion of corticotropin in the rats implanted with the new variants of the tumor
is suggested by the smaller increment of the adrenal weight, the less marked
reduction of the thymus weight, the very modest increase or the total absence of
blood pressure and plasma sodium changes. Our study with the original strain
of tumor (1969), showed that the hypertension produced by the mammotropic
tumor was mediated through the adrenals since the disease did not occur in
tumor-bearing adrenalectomized rats; hypertension was caused by adrenal cortical
dysfunction with hypersecretion of deoxycorticosterone (DOC). The fact that this
type of hypertension should be included among the mineralocorticoid-induced
models was also confirmed by the elevated levels of plasma sodium and by the
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Fig. 3. Zona fasciculata cell from a rat implanted for 6 weeks with the mammotropic tumor
kept stored frozen for 3 years. Mitochondrial cristae are reduced in number. In one mito¬
chondrion, the cristae (C) are located peripherally. Tubules of smooth endoplasmic reti¬
culum (SER) are closely packed and occupy a large portion of the cytoplasm. Lipid droplet (L).

X23200

significant changes in the adrenal gland ultrastructure which reflected the im¬
paired steroidogenesis (Molteni, Nickerson, Latta, and Brownie, 1971; Nickerson,
Brownie, and Molteni, 1970). Although our investigation cannot exclude the
possibility that prolactin and growth hormone, also secreted by the mammotropic
tumor, contribute to the hypertrophy of the adrenal gland, nonetheless, it seems
apparent that corticotropin is the hormone which is mainly involved. The changes
in the ultrastructure of adrenal gland correlate quite well with adrenal hyper¬
trophy and presumably with the levels of corticotropin present in the tumor-
bearing rats. Cristae were particularly reduced when corticotropin stimulation
was intense. On the other hand, the normotensive rats bearing the tumor main¬
tained by 15 passages in our laboratory showed less severe ultrastructural changes.
The reduced mitochondrial cristae undoubtedly reflect increased formation of
DOC both in "vitro" and in "vivo" (Brownie, Nickerson, Jowziak, Siburu, and
Bates, 1970; Molteni, Nickerson, Latta, and Brownie, 1971). Therefore, the more
normal cristae in the adrenals of rats bearing this line of tumor reflect a more
normal steroidogenesis with less synthesis of the hormone and failure to develop
a mineralocorticoid type of hypertension.

All rats implanted with the three strains of MtT-F4 tumors showed a marked
enlargement of heart, liver, and spleen. The liver also showed marked fatty
degeneration. These findings have already been reported by Milkovic, Garrison,
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and Bates (1964), and by Bates, Scow, and Lacy (1966). The fact that these
changes were present in all animals with the tumor, whether hypertensive or not,
and that the cardiac hypertrophy was more marked in the normotensive rats
receiving the tumor in 1971, indicates that such visceral hypertrophy was mainly
due to growth hormone as suggested by Bates, Scow, and Lacy (1966). Therefore,
the secretion of this hormone, in contrast to that of corticotropin, was probably
not significantly reduced by the passage from rat to rat or from the freezing
of the tumor and its storage for several months. The same can be said for the
secretion of prolactin, judging by the hypertrophy of the mammary glands.
With renal hypertrophy, a dissociation was evident among the rats which devel¬
oped a severe or a mild hypertension or those which remained normotensive.
The rats implanted with original line of the tumor in 1969 and who showed a
severe hypertension, had the largest kidneys with scars and petechial hemor¬
rhages on the organs' surface, alterations commonly seen in severe cases of
mineralocorticoid-induced hypertension. The renal hypertrophy was not so
marked, and the lesions absent in the rats implanted with the tumor "frozen"
in 1973 which only develop moderate hypertension. Finally, the normotensive
rats implanted with the line of MtT-F4 tumor of our laboratory in 1971 had
only a modest renal enlargement. It is very likely that in the last group of animals,
growth hormone rather than corticotropin was probably responsible for the
increase in renal size, since it is well known that this hormone alone may cause
renal hypertrophy (Selye, 1951; Molteni, Nickerson, and Brownie, 1973).

Although it is reported (Dontigny, Hay, Prado, and Selye, 1948), that the
administration of extracts of anterior pituitary, produces hypertensive vascular
disease in the rat, the pathogenesis of this disease is yet not fully understood.
In particular, it is not yet clear if the hypertension is caused only by the excessive
production of corticotropin or if other pituitary hormones, among them growth
hormone, are necessary. Selye (1951) reported that administration of cortico¬
tropin failed to produce hypertension in the salt drinking, mononephrectomized
rat. Administration of growth hormone to these animals produced a very mild
hypertension, but combined treatment with the two hormones resulted in severe
hypertensive vascular disease. In later studies several investigators (Greene,
Saunders, Wahlgren, McDonough and Clampit, 1952; Hunter and Haist, 1965;
Skelton, Brownie, Nickerson, Molteni, Gallant, and Colby, 1969) elicited hyper¬
tension in the same animals and with identical experimental conditions by adminis¬
tration of corticotropin but the disease was never severe. The implantation of the
mammotropic tumor secreting corticotropin, growth hormone and prolactin in
1969, caused severe hypertension and that seemed to confirm the results of Selye
about the synergistic activity of two of the three hormones. The new variants
of the mammotropic tumor, however, indicate that it is corticotropin which plays
a major role in the development of hypertension in this experimental model,
although a synergistic activity of all three hormones cannot yet be ruled out.

We are grateful to Mr. L. Joseph, Mrs. Yam-Qun Pun, Mr. R. Linsmair and Mrs. N. Fily-
piw for skilled technical assistance and to Miss J. Stika for assistance with the preparation
of the manuscript.
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Incidence of Salt-Induced Hypertension in Rats
from Different Stocks1

A. Molteni and A. C. Brownie
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Abstract. Hypertension developed in about 26%
of a population of young female rats of Albino Holtz-
man stock in about 8 weeks under conditions of mono-

nephrectomy and free access to 1% sodium chloride
as drinking solution. Hypertension was accompanied
by elevated sodium consumption, high plasma levels of
sodium and renal and cardiovascular lesions. Other
stocks of rats maintained in the same environmental
conditions either had lower incidence of hypertension
as in Fischer F344 (10%) or the disease was absent
as in Charles River CD or Long Evans. The high sodium consumption and the renal
and cardiovascular lesions of Holtzman Albino rats were similar to those reported
by Dahl et al. [1962] in a strain where susceptibility to high sodium consumption
and hypertension are transmitted as a genetic trait.
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Hypertension may spontaneously occur in rat colonies [Medoff and
Bongiovanni, 1945], and a hereditary form of the disease has also been
described [Okamoto and Aoki, 1963; Phelan and Wong, 1968]. In¬
vestigators working in the field of experimental hypertension may be dis¬
advantaged by the spontaneous incidence of this disease in their animals,
since it will interfere with the effect of the hypertensinogenic agent to be
evaluated.

1 This investigation was supported by US Public Health Research Grant HE 06975
from the National Heart and Lung Institute, and Training Grant GM 01500 from the
National Institute of General Medical Sciences.
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We are reporting here the incidence of hypertension we found in some
of the commonly used stocks of rats. Female rats were used in this study
since it had been shown that they are more susceptible than males to
hypertension [Selye and Pentz, 1943]. The rats had their renal mass
reduced by unilateral nephrectomy and 1% sodium chloride was added
to the diet as drinking fluid. These conditions are used by many investi¬
gators to accelerate the onset of hypertensive disease [Selye et al., 1943;
Friedman and Friedman, 1949; Skelton, 1953].

Materials and Methods

For this study, 42-day-old female rats of Charles River CD, Holtzman Albino,
Long Evans and Fischer 344 stocks were used. Charles River CD and Holtzman
Albino descended from Sprague Dawley colonies. Charles River CD rats were

supplied by the Charles River Co., Wilmington, Mass.; Holtzman Albino rats by the
Holtzman Co., Madison, Wise.; Long Evans rats by Blue Spruce Farms, Inc., Alta-
mont, N.Y.; and Fischer F344 rats by Simonson Lab., Gilroy, Calif.

The animals were received during a period of 18 months. As soon as they arrived,
they were singly caged and cage assignment was done at random within each group.
Rats of each stock were kept in the same rack and care was taken that the rack's
position was changed every day in the room. The temperature was 22.5 ± 1.0 °C, with
12-hour light and dark cycles. A week after their arrival, all rats had the right kidney
removed, were allowed free access to 1% sodium chloride drinking solution, and
were fed ad libitum a Purina Lab Chow diet containing 490 mg of sodium per 100 g.
After nephrectomy, body weight, blood pressure, and sodium consumption from
food and drinking fluid were recorded weekly. Systolic blood pressure was determined
in the tail with a Physiograph Four (E & M Instrument Co., Houston, Tex.) with
rats under ether anesthesia. At each time interval, systolic blood pressure was
measured 3 times in each rat and the average value was calculated. Blood pressure
was measured only when the rats had lost the corneal reflex and the respiratory and
pulse rate were stable. Under these conditions, the values agreed within 5 to 10 mm Hg
for individual rats. Care was taken that the blood pressure determinations in each
group of rats were always performed during the same hours of the day (from 9 to
12 a.m.) in order to avoid diurnal variations.

Eight weeks after mononephrectomy, all rats were killed by decapitation, at the
same time of the day (9:30 a.m.) for each group. Blood was collected and plasma
separated for the determination of sodium and potassium concentrations, using a
Beckman automatic flame photometer. Kidneys, hearts, and adrenals were rapidly
removed, placed in 10% buffered formalin, and 2 weeks later trimmed of fat and
connective tissue, and weighed. Blocks of fixed tissue were embedded in paraffin,
cut at 5 /tm thickness, and stained by the periodic acid-Schiff procedure.

All numerical data were analyzed according to the Student's t-test for small
sample size.



Incidence of Salt-Induced Hypertension in Rats from Different Stocks 195

Results

The initial and final body weights and systolic blood pressure values
of the various stocks of rats are shown in table I. It is apparent that Long
Evans, Holtzman Albino, and Charles River CD animals showed similar
growth increments during the course of the experiment, while Fischer F344
rats showed a considerably lower growth rate. The most appreciable in¬
creases in blood pressure occurred in the Holtzman animals, and 19 rats
of this stock of a total of 72 (26%) reached systolic blood pressure of
150 mmHg or above by the eighth week. An increment of about 20 mmHg
was also seen in the rats of the same stock, which did not become hyper¬
tensive. A more moderate increase was evident in Fischer F344 and 3

(10%) of these rats reached blood pressure values of 150 mmHg or
above. Charles River CD and Long Evans rats had smaller increments
and none of them became hypertensive, as judged by lack of blood pres¬
sure values of 100 mm Hg or more.

The values of dietary sodium consumption as well as sodium and
potassium plasma concentrations in rats of all stocks are also shown in
table I. Holtzman Albino rats were the animals which consumed most

sodium and had the highest concentrations of this electrolyte in plasma.
Long Evans rats consumed sodium in the lowest amount. Their levels of
plasma sodium, however, were higher than those seen in Fischer F344 or
in Charles River CD animals, which had higher sodium consumption.

In table I are also shown the relative weights of kidneys, hearts, and
adrenals. The largest renal and cardiac weights were seen in Holtzman
Albino rats, while the Fischer F344 had the largest adrenals, but the
smallest hearts and kidneys. Holtzman Albino hypertensive rats showed
large kidneys which were pale with diffuse petechial hemorrhages and
scars. Partial or total hyalinosis of several glomeruli, tubular hyaline casts
and hyalinosis of small arteries were evident in these kidneys at micro¬
scopic examination. Scars were also visible on the epicardial surface of the
hypertrophied hearts of the same rats, with areas of focal necrosis and
arteriolar hyalinosis at the microscopic level. The same gross and histo¬
logic findings were seen in the heart and kidney of one of the three
Fischer F344 hypertensive animals. The other two showed only extensive
areas of tubular atrophy and fibrosis with lymphocytic infiltration in the
kidneys. Tubular atrophy with lymphocytic infiltration of a minor degree
of severity was also seen in many normotensive rats of all stocks, par¬

ticularly in the Long Evans.



TableI.Bodyweight(BW),systolicbloodpressure,sodiumintake,plasmasodium,andpotassiumconcentrationsandorganweights ofdifferentstocksofrats

Strain

Number
of animals

BW,g

Bloodpressure, mmHg

HoltzmanAlbino
72

initial

132±21
initial

10012

final

222±5

final

13916

increment
+90

increment
+39

FischerF344

30

initial

114±4

initial

10212

final

18415

final

12515

increment
+70

increment
+23

CharlesRiverCD
30

initial

11617

initial

96+2

final

25315

final

110+3

increment
+137

increment
+14

LongEvans

30

initial

116+4

initial

88:12

final

21915

final

100+3

increment
+103

increment
+12

SodiumPlasmaPlasmaKidneyHeartAdrenalintake,sodium,potas-weight,weightweight,g/weekmEq/1sium,mg/lOOgmg/lOOgmg/lOOg mEq/1BWBWBW

1Standarderrorofthemean.
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The adrenals of all hypertensive rats tended to be enlarged and pale.
The cells of the zona fasciculata of these glands showed an abundant
cytoplasm, foamy in appearance, and with some large vacuoles.

Discussion

The experiment has shown that incidence of hypertension in salt-drink¬
ing mononephrectomized rats may vary from stock to stock and that at
least for the Holtzman Albino, it is possible that a large number of ani¬
mals become hypertensive.

On the basis of the information presently available for our rats, it is
not possible to explain with certainty the pathogenesis of the disease.
Sodium consumption or high levels of sodium in the rat plasma do not
correlate to the incidence of hypertension in all stocks, since Charles River
CD animals showed a very regular blood pressure despite a rather elevated
sodium consumption. The different morphological changes seen in hyper¬
tensive rats of Fischer F344 stock would indicate that more than one

pathogenetic mechanism was responsible for the onset of hypertension in
this stock.

The increased sodium consumption as well as the morphologic findings
in Holtzman Albino rats are similar to those reported in hypertensive
rats of Sprague Dawley line, where it was proved [Dahl et al., 1962] that
an increased appetite for salt with consequent development of hyperten¬
sion was transmitted as genetic trait.

We are not sure about the inbreeding of the Holtzman Albino we have
studied, and therefore we are not at the present time in a position to sup¬
port even for them the hereditary origin of their hypertension. Mating of
these rats will shed more information on the problem.
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Skelton (1) described a severe cardio¬
vascular disease in young female rats that
were unilaterally nephrectomized and ad-
renalectomized with enucleation of the con¬

tralateral adrenal gland. This disease was
accompanied by severe cardiovascular lesions
in the heart, kidney, brain, and blood vessels.
The pathogenesis of the hypertension is re¬
lated to the increased secretion of 11 -deoxy¬
corticosterone (2, 3), a potent mineralo-
corticoid and hypertensinogenic agent (4).

The cardiovascular disease is inducible in
Sprague-Dawley rats of the Holtzman strain
(1) or of the Charles River strain (5) and has
been attempted in Wistar animals as well
(6). Previous studies have shown a difference
in susceptibility of various strains of rats to
the development of other forms of hyper¬
tension (7).

It was the purpose of the present investi¬
gation to examine the inducibility of hyper¬
tension in an inbred strain of rats (W/Fu)
developed by Furth (8). This strain of rats
has a high incidence of spontaneous pitui¬
tary and mammary tumors as well as leu-
kemias; these neoplasms are readily trans¬
plantable in this strain of animals.

Materials and methods. Twenty-four rats
weighing between 150 and 155 g were ob¬
tained from Holtzman Breeding Company,
Madison, Wisconsin. Twenty-four female
rats weighing 130-135 g of the W/Fu strain
were obtained from Microbiological As¬
sociates, Walkersville, Maryland. All ani¬
mals were accustomed to the laboratory for
1 wk before the experiment was begun.

Animals were divided equally into four
groups. Groups 1 and 3 were controls of
the Holtzman and W/Fu strains, respec¬
tively. Control animals were uninephrec-

1 Supported by Research Grant HL 06975 from
the National Heart and Lung Institute.

Copyright © 1975 by the Society for Experimental Biology and Mi
All rights reserved.

tomized and uniadrenalectomized on the

right side. Groups 2 and 4 were uninephro-
adrenalectomized on the right side and re¬
ceived contralateral adrenal enucleation ac¬

cording to the procedure of Skelton (1).
All animals received lab chow and 1 %
sodium chloride as drinking fluid ad libitum.
Body weight and blood pressure were re¬
corded at weekly intervals in lightly anes-
thesized animals. Animals were sacrificed
5 weeks after the operation. Organs were
removed and placed in 10% neutral buffered
formalin before being weighed. The adrenal
gland was fixed in 3 % purified glutaralde-
hyde (Ladd Research Industries, Burlington,
Vermont) buffered to pH 7.3 with 0.1 M
phosphate. After 4 hr, the various zones of
the hypertrophic adrenal glands in Groups
1 and 3 were obtained as described pre¬
viously (9). In the regenerating adrenals,
the outer as well as inner portions of the
regenerating adrenal gland were obtained.
Tissues were processed as described pre¬
viously (9).

Results. The body weight of all animals
increased progressively (Table I). Systolic
blood pressure of W/Fu animals (Groups
1 and 2) did not increase appreciably. With
the Holtzman strain of animals, there was
an increase in blood pressure to the hyper¬
tensive range by the end of 5 weeks (Table I).
However, the basal blood pressure of Holtz¬
man controls was significantly higher than
that of W/Fu animals.

The relative weights of heart and kidneys
in Groups 2 and 4 became significantly
greater than that in controls. In W/Fu ani¬
mals, the relative weight of the regenerated
adrenal gland was significantly less than
that of the corresponding control (Group
1). With Holtzman animals however, the
weight of regenerated adrenal gland in
Group 4 did not differ significantly from
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TABLE I. Adrenal Regeneration Hypertension in (ARH) Holtzman and W/Fu Rats.

Systolic blood
Body weight pressure

Group Initial Final Initial Final Heart0 Kidney Spleen Adrenal Thymus

Holtzman controls 153±2° 210±4 100±3 120±4 410± 9 750±47 276±10 23±2 173±12
Holtzman ARH 154±3 208±5 103±2 I50±54 470±134 935±674 323±124 25±5 180±I0
W/Fu controls I32±2 173±2 80±3 85±3 379± 5 595±33 260± 6 26±2 133± 5
W/Fu (ARH) 130±2 186±2 80±3 95±3 422± 54 782±274 296 ± 76 I8±l6 162±104

"Mean ±SEM.
4 P < 0.001.

c Mg/100 g body wt.

that in Group 3. There was no significant
difference in weights of the thyroid, ovary,
pituitary, or liver (Table I). Splenic weight,
however increased in animals bearing re¬
generating adrenal glands. There was no
significant difference in the weight of the
thymus in Holtzman animals (Groups 3
and 4), although the weight of the thymus
in W/Fu animals (Group 2) was significantly
greater than that of controls (Group 1).

No lesions were observed grossly or
microscopically in the kidney or heart of
W/Fu animals. With Holtzman animals,
renal and cardiac hypertrophy with petechial
hemorrhages and scars on the surface were
seen (Group 3). Glomerular hyalinosis,
tubular hyaline casts, and hypertrophy of
the media of the arterioles were prominent
in the kidneys. In contrast, only moderate
renal hypertrophy with no significant gross
or histologic changes was seen in the kidneys
and hearts of W/Fu animals (Group 2).

Adrenal ultrastructure. The ultrastructure
of the hypertrophic adrenal glands in Groups
1 and 3 was virtually identical. Therefore
only the appearance of the adrenal gland
in W/Fu animals will be described. Mito¬
chondria were round and some of them ap¬
peared enlarged (Fig. 1). Virtually the en¬
tire matrix of the mitochondria was filled
with vesicular cristae. Numerous lipid drop¬
lets and abundant tubules of smooth endo¬
plasmic reticulum were observed in zona
fasciculata cells (Fig. 1).

In Holtzman animals (Group 2), there was
excellent restitution of the adrenal cortex.
Mitochondria in zona fasciculata cells were

almost indistinguishable from those in con¬
trol animals. Smooth endoplasmic reticu¬
lum was especially prominent in these cells
(Fig. 2).

In contrast, the regenerating adrenal
gland in W/Fu animals (Group 4) showed
mitochondria which were smaller than those
in controls. Mitochondrial cristae were

reduced in number and often were located
in a peripheral position. Tubules of smooth
endoplasmic reticulum were dispersed
throughout the cytoplasm (Fig. 3).

Discussion. W/Fu strain of rats was re¬
sistant to the effects of adrenal regeneration
hypertension. Dysfunction of the adrenal
cortex is directly involved in the pathogenesis
of ARH (2, 3). It is therefore of interest that
regeneration of the adrenal gland is not
complete in W/Fu rats at 5 wk in comparison
to the Holtzman animals where regeneration
was complete. The sequence of events oc¬
curring during regeneration of the adrenal
gland in Sprague-Dawley, Holtzman strain
has been described previously (9). Regen¬
eration of the adrenal gland is largely com¬
plete by 35-42 days after operation. In the
regenerating adrenal cortex, mitochondrial
cristae of zona fasciculata cells in Holtzman
animals appear virtually identical to those
in adrenal glands of control, uninephro-
adrenalectomized animals where the adrenal

gland becomes hypertrophic (9). In a pre¬
liminary experiment (Unpublished) it is of
interest that the W/Fu rats were also re¬
sistant to the hypertensive effects of methyl-
androstenediol, a synthetic androgen (10,
11) which proved to be powerfully hyper-
tensinogenic in other strains of rats. It is
difficult to explain why the percentage of
change in the weight of the heart and the
kidneys of the rats in both strains is about
the same while the changes in blood pressure
are greater in the Holtzman than in the
W/Fu strain. Previous studies from our
laboratory have shown that an increase in
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Fig. 1. Zona fasciculata cell from W/Fu control adrenal gland. Mitochondria are enlarged and round in
shape. Cristae (C) are vesicular. Lipid droplets (L) and smooth endoplasmic reticulum (SER) are dispersed
throughout the cytoplasm. Plasma membrane (P). (X 20,000.)

Fig. 2. Zona fasciculata cell from regenerated adrenal in Floltzman animal. Mitochondrial cristae are
vesicular and virtually fill the entire mitochondrial matrix. Numerous tubules of smooth endoplasmic reticulum
(SER) are observed in the cytoplasm. A portion of the edge of the nucleus (N) can be seen. (X 23,200.)
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Fig. 3. Zona fasciculata cell from regenerating adrenal gland in W/Fu animal. Mitochondria are round
and small in size. Cristae are reduced in number and many are tubulovesicular (arrow). In some mitochondria
(double arrow) cristae are observed in a peripheral position. (X 20,000).

heart and kidney's weight does not always
correlate to a proportional increase of the
blood pressure. Rats of Charles River CD
and Long Evans strains had heavier heart
and kidneys than rats of Fischer F344 strain
although their blood pressure was signifi¬
cantly lower (7). It has also been reported
that cardiac left ventricular hypertrophy
precedes the onset of hypertension in the
spontaneously hypertensive Okamoto Aoki
rats (12). It may be possible that a more
prolonged treatment could eventually have
produced hypertension in the W/Fu rats
also. From the present study, therefore, it
appears that the highly inbred W/Fu strain
of rats has been selected inadvertently for
traits which produce a resistance to hyper¬
tension, although at present the factors
responsible for the resistance are unknown.

Summary. The procedure for producing
adrenal regeneration hypertension did not
cause an increase in the systolic blood pres¬
sure of W/Fu animals. The regenerating
adrenal gland in W/Fu animals was not

restored to normal; reduced numbers of
mitochondrial cristae were seen and the
mitochondria were smaller in size; regenera¬
tion was complete in Sprague-Dawley rats
of the Holtzman strain and there was a

severe form of hypertensive, cardiovascular
disease.

The authors are grateful to Mrs. Yam Pun, Mrs.
Neonile Fylypiw, Mr. Luther Joseph, Mrs. Geneva
Joseph, Mrs. Elisabeth Lawson, and Mr. Robert
Linsmair for skilled technical assistance.
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ABSTRACT. Female rats of the Wistar-Furth (W/Fu)
strain appear to be resistant to the development of
adrenal regeneration hypertension. At a time period,
after adrenal enucleation, when Holtzman female
rats had elevated serum 11-deoxycorticosterone
levels and were hypertensive, none of the W/Fu
rats became hypertensive. In vitro adrenal studies
after quiescent kills of W/Fu rats indicated that cho¬
lesterol side chain cleavage activity was greater in
mitochondria from regenerating adrenals than from
controls. Both serum deoxycorticosterone and corti-
costerone levels were significantly greater in the
adrenal-enucleated group. These studies were re¬
peated in animals which were given a standard ether

THE pathogenesis of adrenal regenera¬tion hypertension (ARH)2 (1) has been
associated with elevated peripheral plasma
deoxycorticosterone (DOC) levels in the
early stages of adrenal regeneration when
the rats are becoming hypertensive (2,3,4).
This observation parallels the in vitro
findings of impaired 11/3-hydroxylase ac¬

tivity in the regenerating adrenal (5) and a

lag in the restoration of adrenal mitochon¬
drial 11/3-hydroxylase activity compared to
cholesterol side chain cleavage (SCC) activity
(6) and microsomal 21-hydroxylase activity
(5,7). An earlier observation in our labora¬
tory indicated that Wistar-Furth (W/Fu) rats
failed to develop ARH (8). This prompted

Received June 3, 1975.
Reprint requests to: Dr. A. C. Brownie, Pathology

Department, State University of New York at Buffalo,
180 Race Street, Buffalo, N.Y. 14207.

1 Currently an American Heart Association Postdoc¬
toral Fellow at the Penrose Research Laboratory, 34th
Street and Girard Ave., Philadelphia, Pa. 19104.

2 Trivial names and abbreviations: 18-hydroxy-DOC
(18,21-dihydroxypregn-4-ene-3,20-dione); ARH: adre¬
nal regeneration hypertension; SCC: side chain cleav¬
age. Cyanoketone (2a-cyano-4,4,17a-trimethylandrost-
5-en-17/3-ol-3-one) was kindly supplied by Sterling
Winthrop Laboratories.

anesthetic stress. Ether stress increased cholesterol
side chain cleavage activity comparably in control
and adrenal-enucleated rats and also increased their
serum deoxycorticosterone and corticosterone levels.
Adrenal-enucleated Wistar-Furth rats had higher
serum deoxycorticosterone levels than controls,
whereas controls had higher serum corticosterone
levels than the adrenal-enucleated group after the
ether stress. These results indicate that although the
adrenal-enucleated W/Fu rats have increased serum

deoxycorticosterone levels, none of these rats de¬
velop frank hypertension. This suggests a resistance
to deoxycorticosterone-induced hypertension in this
strain of rat. (Endocrinology 99: 1080, 1976)

us to study adrenal mitochondrial function
and serum DOC and corticosterone levels
in the same way as had been done for the
Holtzman rats which did develop ARH in
the same time period (4,6). Differences in
these parameters could explain whether the
failure ofW/Fu rats to develop hypertension
in this model was due to adrenal or extra-

adrenal factors.

Materials and Methods

Animal studies

Six week old female rats of the W/Fu strain

(Adam Smith), 90-100 g, were used for all experi¬
ments. A right nephroadrenalectomy was per¬
formed on control and ARH rats. In addition,
the ARH rats were adrenal-enucleated on the left
side as described by Skelton (1). The animals
were maintained and killed as previously de¬
scribed (4,6). All animals were killed 32 days
after surgery at a time when most female Holtz¬
man rats of the same age would have had ARH
and significantly greater DOC levels than con¬
trols (4). Individual rat blood samples were col¬
lected in 15 ml plastic centrifuge tubes from the
trunks of rats decapitated by guillotine (4).
Adrenals were removed, trimmed and weighed
and mitochondria were isolated as reported ear¬
lier (6).

1080
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Adrenal mitochondrial studies

Both adrenal mitochondrial cytochrome P-450
levels and adrenal weight were lower in the ARH
groups as we have reported for the Holtzman
study (6).

Cholesterol SCC activity was measured by the
method described by Bergon et al. (6). The thin-
layer chromatography step was omitted. This
permitted the radioimmunoassay of pregneno¬
lone to be done directly after the extraction step.
Freshly prepared cyanoketone2 (8 /um) was used
in these incubations and pregnenolone accu¬
mulated as the sole product of the cholesterol
SCC reaction (9,10). This, coupled with the fact
that neither cholesterol nor cyanoketone cross-
reacted significantly (<0.0001%) with the preg¬
nenolone antibody, would indicate that a chro¬
matographic isolation of pregnenolone would be
unnecessary. The extraction procedure was modi¬
fied to avoid blank readings that were initially
noted without the chromatography step. Freshly-
distilled ethyl acetate was used and methylene
chloride was substituted for the chloroform pre¬

viously used (6). Table 1 illustrates the results ob¬
tained when pregnenolone assays without chro¬
matography were compared with results ofassays

Table 1. Omission of the thin-layer chromatography
step in the radioimmunoassay of pregnenolone

Incubation Pregnenolone
time Without (ng)a Second

(min)b TLC First TLC" TLCe

2 367 361 386
5 590 562 536

10 671 632 627

a Values expressed are the means of duplicate in¬
cubations.

b Samples for pregnenolone assay were obtained
from an incubation for the determination of cholesterol
SCC activity.

c One ml of methanol was added to the dried extract
and aliquots were taken for recovery determination
and for preparing dilutions for radioimmunoassay. The
remainder was dried and pregnenolone isolated using
the first TLC system. The procedure was repeated for
the second TLC system. TLC = thin-layer chromatog¬
raphy.

d Thin-layer system = hexane:toluene (85:15) sat¬
urated with propylene glycol; precoated Kieselguhr
plates were used, 250 nm thickness, with aluminum
backing and impregnated in propylene glycohacetone
(6:94). See (6).

e Thin-layer system = petroleum ether.-diisopropyl
ether:glacial acetic acid (30:70:2) on silica gel F-254
plates.

with one or two thin-layer chromatography steps.
All data presented are the mean pregnenolone
values measured after duplicate cholesterol SCC
incubations. Pregnenolone values obtained after
the first chromatographic isolation and after the
second chromatographic separation were com¬

parable to the values obtained without chro¬
matography.

Adrenal mitochondrial 11/3-hydroxylase ac¬
tivity was assayed by measuring the in vitro
metabolism of DOC to corticosterone by methods
previously reported (6).

Serum DOC and corticosterone determinations

Individual rat serum samples were analyzed
for DOC by radioimmunoassay (4) and for corti¬
costerone by acid fluorescence (11).

Statistical analysis of data

P values reported are for a 2-tailed t test.

Results

Blood pressures

Final measurements of systolic blood
pressure were taken 3 days prior to killing
the animals. The blood pressures were sig¬
nificantly greater for the ARH groups than
for the controls in all three experiments
reported here (Table 2), but none of the
ARH rats was hypertensive (blood pressure
> 150 mm Hg).

Serum corticosterone levels

A significantly elevated (P < 0.05) serum
corticosterone level was noted in ARH rats

compared to controls in the two experiments
in which the W/Fu rats were killed without
stress (Table 2). Ether stress increased
serum corticosterone values, but the ARH
rats responded significantly less than the
controls (P < 0.001).

Serum DOC levels

A significant difference (P < 0.001) in
DOC values was observed between ARH
and control W/Fu rats in both experiments
in which the rats were killed under quies¬
cent conditions (Table 2). After ether stress
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Table 2. Blood pressures and serum DOC and corticosterone levels in W/Fu rats

Systolic" blood Serum corticosterone
pressure (mm Hg) Serum DOC (ng/ml) (jU.g/100 ml)

Cb ARH c ARH C ARH

Quiescent0
No. 1

81 ± 2.7 96 ± 2.7
P < 0.001

2.76 ± 0.19 5.83 ± 0.53
P < 0.001

4.5 ± 0.8 5.4 ± 0.9
P < 0.05

Quiescentd
No. 2

90 ± 2.4 105 ± 2.4
P < 0.001

2.71 ± 0.16 5.91 ± 0.47
P < 0.001

3.7 ± 0.6 6.1 ± 0.8
P < 0.05

Ether-e
stressed

94 ± 1.7 113 ± 2.6
P < 0.001

10.2 ± 0.68 14.6 ± 0.67
P < 0.001

46.0 ± 1.8 28.7 ± 2.2
P < 0.001

" The values in the table are the means ± SEM.
b C = control; ARH = adrenal regeneration hypertension.
0 For C, n = 13; for ARH, n = 15.
6 N = 22 for each group.
0 For C, n = 22, for ARH, n = 23.

the serum DOC levels were were elevated
in both groups, but were greater (P < 0.001)
in the ARH group than in controls.

Cholesterol side chain cleavage activity

The time course of cholesterol SCC ac¬

tivity, measured as pregnenolone formed
from endogenous cholesterol, was biphasic
(6,10). In an initial experiment in which the
W/Fu rats were killed without stress, it
was observed that pregnenolone synthesis
was greater in mitochondria isolated from
regenerating adrenals (0.78 nmol pregneno-
lone/min/mg protein) than in mitochondria
from control adrenals (0.55 nmol pregneno-
lone/min/mg protein). This was noted again
in the repeat study (ARH, 0.67, and controls,
0.45 nmol pregnenolone/min/mg protein).
Ten min of ether anesthetic stress markedly
increased cholesterol SCC activity and the
activity was now comparable in both groups
(ARH, 1.46, and controls, 1.53 nmol preg¬

nenolone/min/mg protein).

11 ^-hydroxylase activity

Corticosterone production from DOC in
regenerating adrenal mitochondria ap¬
peared to be less than in controls in all
studies, but the difference was not signifi¬
cant. Values for the first quiescent study
(ARH, 13.9, and controls, 15.6 nmol corti-
costerone/min/mg protein) and second
[quiescent study were comparable (ARH,
12.8, and controls, 14.5 nmol corticosterone/

min/mg protein). After ether stress, the
values noted were 10.2 nmol corticosterone/
min/mg protein for the ARH group and 12.6
nmol corticosterone/min/mg protein for the
control group.

Discussion

This study has shown that the W/Fu strain
of rat does not develop hypertension in the
ARH model at a time period when similar
studies with other strains have indicated the
development of hypertension concomitant
with a significant elevation of serum or

plasma DOC levels in the ARH group
(2,3,4).

Serum DOC levels were significantly
greater in the ARH group (P <0.001) than in
controls. Although the in vitro adrenal
11/3-hydroxylase activity was lower in the
ARH group than in controls at this time, the
difference was not significant. Previously we
have shown impaired 11/3-hydroxylase ac¬

tivity in Holtzman ARH rats and a delayed
restoration of 11/3-hydroxylase activity com¬

pared to cholesterol SCC activity (6). A time
course study with the W/Fu rats would be
needed to demonstrate this finding.

Ether stress increased adrenal mitochon¬
drial cholesterol SCC activity as well as
serum DOC and corticosterone levels (Table
2) in ARH and control W/Fu rats. Elevated
plasma ACTH has been reported in rats after
ether stress (12) and this would explain the
increased adrenal activity. As has been pre-
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viously reported (6,13), the ether-stressed
ARH group had lower serum corticosterone
values than ether-stressed controls (Table 2).
A lowered adrenal responsiveness to exog-
enously administered ACTH has been re¬
ported in adrenal-enucleated rats at 32 days
(14). Adrenal secretion of corticosterone was
elevated in both groups, but the adrenal-
enucleated rats had a lower secretion rate of
corticosterone than controls. This finding is
consistent with our ether-stress study and
serum corticosterone values. The reduced
adrenal response of the ARH rats, in terms
of serum corticosterone values (while
adrenal cholesterol SCC activities were

comparable), suggests to us still impaired
11/3-hydroxylase activity in vivo. However,
the in vitro study did not indicate any

significant difference in 11/f-hydroxylase ac¬
tivities between ARH and control rats at this
time period. The varying results obtained by
several laboratories in in vitro and in vivo

studies for this model are discussed else¬
where (4).

We have also previously emphasized the
importance of quiescent handling and kill
procedures as well as the importance of
serum values vs. adrenal secretory values
(4). This point can briefly be noted here by
comparing the serum corticosterone values
after ether stress in the ARH and control
groups. Frequently it has been suggested
that the adrenal venous data (obtained under
stress conditions) are appropriate because
stress might proportionately increase the
secretion pattern of adrenal corticosteroids.
Yet in adrenal regeneration hypertension,
we are dealing with a modified pattern of
corticosteroidogenesis with a gradual but
not parallel recovery of enzyme activities
(5-7). This is dramatized here by the dis¬
parity in serum corticosterone levels after
ether stress and the greater serum DOC
levels in the ARH groups relative to con¬
trols. Thus, the importance of serum values
and quiescent kill procedures for assessing
resting or basal adrenal corticosteroid levels
cannot be overlooked.

Although all of these findings are consis¬
tent with modified corticosteroidogenesis
and the demonstrated increased serum

levels of a hypertensinogenic steroid (DOC)
in the W/Fu rat with a regenerating adrenal,
none of these rats had hypertension 32 days
after adrenal enucleation.

Several studies remain to be done to clar¬
ify the nature of the resistance to ARH in
W/Fu rats. It is possible that a longer time
period is necessary for these rats to develop
hypertension in this model. The higher basal
levels of DOC noted in the control W/Fu rats

compared to control Holtzman rats may
render this strain more resistant to the
pathophysiological changes in the etiology
of ARH associated with elevated serum

DOC levels. Thus, a greater increase in
serum DOC levels or longer exposure to
elevated serum DOC levels may be neces¬

sary for target tissue response to DOC in
these rats to lead to hypertension. Electro¬
lyte studies in these rats may indicate
whether they more effectively handle an
increased sodium load as compared to ARH
sensitive rats.

Previously Dahl et al. had studied ARH
development in rats selectively inbred
based on their resistance and susceptibility
to salt-induced hypertension (15). The resis¬
tant rats displayed a very slow rise in blood
pressure following adrenal enucleation,
reaching a peak of 130 mm Hg six weeks
after surgery. In contrast, the susceptible
strain had blood pressures of 210 mm Hg by
4 weeks after adrenal enucleation. Also, the
resistant rats did not develop hypertension
when DOC acetate (DOCA) pellets were im¬
planted and the rats were maintained on a

high salt diet (16). In another study which
indicates strain differences in mineralocorti-
coid-induced hypertension, Hall et al. (17)
found that the Long-Evans rat failed to de¬
velop hypertension with implantation of
DOCA pellets but did develop ARH. This
latter study is difficult to evaluate because
serum DOC levels were not determined.
Brown et al. (3) observed elevations in
both blood pressure and serum DOC levels
in the ARH model and the DOCA model
of hypertension in Carsworth rats. However,
the peripheral plasma levels of DOC that
were associated with elevated blood pres¬
sure in the DOCA model were lower than
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the values in the ARH group. How much
DOC from a DOCA pellet implant circulates
as DOC and how much as DOCA? Failure
to measure circulating DOCA which could
be effective at target tissues might explain
this difference.

It is possible that the resistance to DOC-
induced hypertension in certain rat strains
is related to their resistance to DOC-
induced increased salt appetite. This could
be due to relative deficiencies of a DOC-

binding protein in the hypothalamus (18).
Also, Rapp and Dahl (19) have shown that
the secretion and peripheral plasma level of
18-hydroxy-DOC is increased in rats suscep¬
tible to developing hypertension on a high
salt diet. No measurement of 18-hydroxy-
DOC was done in the present study, but it
is possible that the resistance of the W/Fu rat
to ARH may reflect very low levels of this
mineralocorticoid compared to more sus¬

ceptible strains. Unfortunately, 18-hydroxy-
DOC values in peripheral plasma have only
been measured after the hypertension has
developed. During the pathogenesis ofARH
elevated serum or peripheral plasma DOC
values have repeatedly been reported (2,3,4)
and decreased adrenal secretion values of
18-hydroxy-DOC have been noted (20,21,
22). Equal plasma 18-hydroxy-DOC values
for control and ARH rats were observed
when the ARH rats were hypertensive (at
28-32 days) and increased plasma DOC
values were reported for the ARH group
in this study (2). Increased plasma 18-
hydroxy-DOC values were reported at
60 days, well after the onset of hyper¬
tension in ARH rats (23). The exact role
of 18-hydroxy-DOC in ARH is still un¬

clear, but it has been suggested that it
may sustain the hypertension after it has
developed (22).
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THE OCCURRENCE OF 11-DEOXYCORTICOSTERONE(DOC)-INDUCED
HYPERTENSION IN THE LONG-EVANS RAT
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School of Medicine, State University of New York
at Buffalo, Buffalo, New York 14214

ABSTRACT

The sensitivity of two strains of rat to the hypertensin-
ogenic action of DOC was studied. Hypertensive cardiovascular
disease was evident within 3 weeks of implantation of DOC pell¬
ets in sensitized female rats of the Sprague-Dawley and Long-
Evans strains. Cardiac and renal hypertrophy due to DOC treat¬
ment was evident in both strains of rat. The DOC treatment also
resulted in a significant decrease in absolute adrenal weight.
These results, which indicate that Long-Evans rats are not
resistant to DOC-induced hypertension, contrast with previous
reports by others. An explanation of the discrepancy may be the
use of free DOC rather than DOC acetate in the present study.

It has been shown that rats of the Long-Evans strain are

more resistant to salt hypertension than Sprague-Dawley rats

(1,2). Also, it has been reported (3) that rats of the Long-

Evans strain do not develop DOCA hypertension despite sensitiz¬

ation by mononephrectomy and the use of 1 per cent sodium chlor¬

ide as drinking solution. That report also indicated that

adrenal-regeneration hypertension (ARH) developed in Long-Evans

rats. The occurrence of ARH in Long-Evans rats and the resist¬

ance to DOCA-induced hypertension in the same strain has been

71
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used as an argument against the proposal (4) that DOC is in¬

volved in the pathogenesis of ARH.

An explanation of the occurrence of ARH in the Long-Evans

rat, despite apparent resistance to DOCA-induced hypertension,

may come from the studies of Brown et_ al_ (5) where it was shown

that the plasma DOC levels in rats 3 weeks after adrenal enuclea¬

tion were significantly higher than found in rats implanted with

DOCA pellets. That study suggests that achieving an adequate

plasma level of DOC may be an important factor in DOCA hyperten¬

sion in addition to any inherent decreased sensitivity to the

effects of DOC in the Long-Evans strain. These observations

have led to the present study in which the sensitivity of Long-

Evans and Sprague-Dawley strains to DOC-induced hypertension has

been re-evaluated with DOC rather than its acetate.

MATERIALS AND METHODS

For this study, female rats of Sprague-Dawley and Long-

Evans strains were used. Sprague-Dawley rats were obtained from

the Holtzman Co., Madison, Wisconsin and Long-Evans rats from

Blue Spruce Farms, Inc., Altmont, New York.

As soon as the rats arrived in our laboratory they were

singly caged and maintained in a room with a temperature of

22±1°C, with 12 hour light and dark cycles. One week after their

arrival, at an age of 42 days, all rats had the right kidney

removed and were allowed free access to 1 per cent sodium chlor¬

ide as drinking solution. The diet consisted of the Charles
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River rat-mouse-hamster formula given ad libitum and containing

410 mg of sodium per 100 gm diet. Half of the rats from each

strain were then implanted with a 50 mg pellet of DOC. The DOC

was obtained from Sigma Chemical Co. and its purity was demon¬

strated by thin-layer and high pressure liquid chromatography.

Pellets were implanted by making a 1/2 inch incision on the

middle of the back and running a blunt instrument approximately

1-1/2 inches subcutaneously. The pellet was then pushed in and

the incision closed with wound clips.

After mononephrectomy and DOC implantation, body weight and

systolic blood pressures were recorded weekly. Systolic blood

pressures were determined on the tail using a Physiograph Four

(E § M Instrument Co., Houston, Texas) with rats under light

ether anesthesia. At each time interval, blood pressure was

measured 3 times in each rat and the average value was calculated.

Three weeks after mononephrectomy and DOC implantation, all

rats were killed by decapitation between 8:30 and 10:30 a.m.

Kidney, heart and adrenals were weighed fresh and then fixed

along with other tissues in buffered 10% formalin. Blocks of

fixed tissue were embedded in paraffin, cut at 5 micron thickness

and stained with hematoxylin and eosin. The kidney, heart,

mesentery and brain were examined for gross and microscopic

lesions.

All numerical data were analyzed according to the Student

t-test for small sample size.
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RESULTS

As expected, the Sprague-Dawley rats treated with DOC showed

significant increases in blood pressure within the 3-week treat¬

ment period (Table I). This strain was especially sensitive to

the implantation of free DOC and showed a significant decrease

in body weight compared to controls (Table I). In addition,

there were 3 deaths out of the 18 in the DOC-treated group,

whereas all of the controls survived. A total of 9 rats out of

13, in which blood pressures could be obtained at the 3 week

time period, had blood pressures of 150 mm Hg and higher.

DOC treatment of the Sprague-Dawley rats caused very

significant cardiac and renal hypertrophy. Occasional areas of

scarring were seen on the epicardial surface of the heart. The

surface of the kidney had a granular appearance. Absolute weights of

adrenals from the DOC-treated group were significantly lower than

controls, but due to the lo.wer body weights of this group there was «

difference in the relative weights of the adrenals.

In view of the previous reports from Hall and coworkers (4)

that the Long-Evans rat does not develop DOCA-induced hyperten¬

sion, it was surprising to find in the present study that there

was significant increase in blood pressure of DOC-treated rats

of the strain (Table II). The control sensitized rats were

resistant to the effects of mononephrectomy and sodium chlor¬

ide as previously reported (1,2) but the DOC-treated rats showed

increased blood pressure, with 4 out of 11 rats having pressures
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TABLE I

Effect of DOC Treatment on Sprague-Dawley Rats

Body Weight (gm.)

Initial Week 1 Week 2 Week 3

Controls 131±3.1* 147±3.3 174±3..7 193±5.6

DOC-Treated 132±2.2 150±3.8 160±4.,0C 152±3.3a

Blood Pressure (mm Hg)

Week 1 Week 2 Week 3

Controls 98±4.2 98±4.3 109±3.2

DOC-Treated 109+3.2C 129+7.4b 153+6.2a

Absolute Organ Weights (mg.)

Heart Kidney Adrenals

Controls 751±21.0 1155±54.1 54.5±1.54

DOC-Treated 945±27.la 1843+64.9a 42. 3±1.64a

Relative Organ Weights (mg/lOOgm B.W.)

Heart Kidney Adrenals

Controls 383 ±8.1 586 ±14.8 27.9 ±1.11

DOC-Treated 616±12.1a 1207146.3a 27.9±1.47

* Mean ± Standard Error of the Mean

a = p<0.001; b = p<0.02; c = p<0.05
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TABLE II

Effect of DOC Treatment on Long-Evans Rats

Body Weight (gm.)

Initial Week 1 Week 2 Week 3

Controls 136±2.2* 1S6±2.2 179±3. 2 192±4.8

DOC-Treated 137±2.0 139±2.2a 144±3. 7a 157±5.8a

Blood Pressure (mm Hg)

Week 1 Week 2 Week 3

Controls 93±3.0 100±4.5 97±3.3

DOC-Treated 101 ±3.5 108+6.5 143±9.2a

Absolute Organ Weights (mg.)

Heart Kidney Adrenals

Controls 669 ±12.0 1174 ±22.1 55.1±1.38

DOC-Treated 849+41.7a 1798±96.1a 34. 8±1.33a

Relative Organ Weights (mg/lOOgm B.W.)

Heart Kidney Adrenals

Controls 350 ±6. 2 615 ±16.5 29.0+0.80

DOC-Treated 536+25.la 1131+53.7a 21.8 ±0.80a

* Mean ± Standard Error of the Mean

a = p<0.001
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bove 150 mm Hg. DOC treatment was apparently very toxic to

his strain with 7 out of 18 rats dying by 3 weeks. As with the

iprague-Dawley rats, body weights were appreciably lower in the

DC-treated animals of the Long-Evans strain. However, both

bsolute and relative renal and cardiac hypertrophy was evident

n an absolute or relative sense. Gross lesions were evident

nly in rats implanted with DOC and not in sensitized controls,

in several of the DOC-treated Long-Evnas rats focal areas of

lemorrhagic infarction were visible on the outer surface of the

:erebrum, often on the right hemisphere. Few gross lesions were

'isible on the epicardial surface of the heart or on the surface of

:he kidney. DOC treatment led to adrenal atrophy.

Light microscopic studies revealed that lesions were only

resent in rats which had been treated with DOC. Lesions were

ieen in the brain in rats of both the Sprague-Dawley and Long-

Ivans strains. Examination of sections of kidney and heart showed

hat there were lesions in all Sprague-Dawley and Long-Evans

'ats and the severity of the lesions in the two strains was similar.

PI SCUSSION

Since its description in 1943 by Selye, Hall and Rowley (6),

10CA hypertension in the rat has been used as a model of mineral-

icorticoid hypertension in innumerable studies. DOC itself is

implicated in the pathogenesis of the hypertension seen in one

'orm of congenital adrenal hyperplasia where there is 110-
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hydroxylase deficiency (7). It is also implicated in the patho¬

genesis of several models of experimental hypertension, namely,

ARH (4), androgen-induced hypertension (8), metyrapone-induced

hypertension (9), and the hypertension seen.in rats bearing the

mammotropic tumor, MtT,F^ (10), which secretes very large amounts
of prolactin, growth hormone and ACTH (11).

There has been controversy about the pathogenesis of one of

these models, ARH. Since the report of Rapp (12) that peripheral

plasma DOC levels were elevated during the development of ARH,

other reports (13,14,15) have not supported this. One common

feature to these latter reports is that adrenal venous or

peripheral blood was collected under conditions of stress.

Stress is known to increase DOC secretion in normal rats and in

humans (16,17) as DOC is mainly formed in the zona fasciculata

tissue of the adrenal cortex and is under ACTH control. However,

other studies by Brown et_ ad (5) and Bergon et al (16) , in which

rats were killed under quiescent conditions, have supported the

DOC hypothesis for ARH.

The observation by Hall et al (3) that Long-Evans rats

while developing ARH are resistant to DOCA hypertension, has also

been used as an argument against a DOC involvement in ARH. How¬

ever, there is evidence from the work of Brown et al (5) that

peripheral DOC levels are higher in ARH than in DOCA hypertension.

The present study shows that Long-Evans rats develop hypertensive

cardiovascular disease when treated with DOC. We Interpret this

as being due to the use of the free steroid, rather than the
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:ss polar DOCA. These observations do not imply that the Long-

ans rat is as sensitive to the development of DOC hypertension

i the Sprague-Dawley derived rat. Rather, they indicate that

IC hypertension does occur in the sensitized Long-Evans rat.

.milar conditions of sensitization pertain in the ARH model

.scovered by Skelton (18) and we propose that the Long-Evans

rain can become hypertensive if sufficiently high blood levels

: DOC are achieved, either by implanting free DOC pellets or by

le adrenal enucleation technique. Recently, a repeat study in

lr laboratory has confirmed that Long-Evans rats do develop

pertensive cardiovascular disease when treated with free DOC.

lture studies will involve the comparison of the hypertensive

:fects of DOC and DOCA treatment in these various strains of

its and correlation of the findings with plasma levels of DOC.
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Abstract

The sensitivity of four strains of rat to the hypertensinogenic effects

of 11-deoxycorticosterone (DOC) administered as the free compound and also as

the acetate (DOCA) has been investigated. Blood pressures were monitored during

a three week period following implantation of pellets of the steroids. Intake

of sodium chloride drinking fluid was measured weekly. When the animals were

killed, brains, kidneys and hearts were examined macroscopically and

microscopically for the presence of lesions.

Rats of the Holtzman strain (a Sprague-Dawley derivative) were most

sensitive to DOC and DOCA treatment and this correlated with a high intake of

sodium chloride drinking fluid. Long-Evans rats developed DOC-induced

hypertension and also develop hypertension with DOCA implantation. Hypertension

was produced in Fischer 344 rats following DOC or DOCA implantation although the

severity and incidence of lesions in kidney, brain and heart was less than in

Holtzman rats.

Rats of the Wistar/Furth strain did not develop blood pressures in the

hypertensive range after treatment with DOC or DOCA. The small increase in

blood pressure which occurred was not accompanied by lesions in brain, kidney or

heart. This strain had the lowest intake of sodium chloride on a body weight

basis.

In Holtzman, Long-Evans and Fischer 344 rats, the hypertensive vascular

disease produced by free DOC was more severe than with DOCA. The serum DOC level

achieved in the DOC-treated rats was almost twice that of DOCA-treated animals.

These findings are consistent with earlier observations that Long-Evans

rats are sensitive to DOC-induced hypertension. The data also reveal the

significant resistance of Wistar/Furth rats to mineralocorticoid/sait

hypertension.

Additional key words: DOC; DOCA; Long-Evans; Wistar/Furth; Hypertension;

Holtzman; Fischer 344; Saline intake.
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A preliminary study from this laboratory (5) has shown that rats of the

Long-Evans strain develop a typical mineralocorticoid hypertension when treated

with 11-deoxycorticosterone (DOC). That report is in contrast to the findings

of Hall et al (8) who have reported a lack of hypertensive cardiovascular

disease upon treatment with DOC acetate (DOCA) in this strain. One explanation

for these contrasting findings may have been the use of free DOC rather than

DOCA in our study and the possibility of attaining higher blood DOC levels in

DOC-treated in rats compared to what can be achieved using DOCA.

As a follow-up to our preliminary report, we compared the

hypertensinogenic activity of DOC and DOCA in the Long-Evans strain and also in

Fischer and Wistar/Furth strains, these last two strains being selected as

resistance to mineralocorticoid (10) or adrenal-regeneration (12) hypertension

has been observed. Holtzman Sprague-Dawley rats, which are known to be

sensitive to salt, DOCA or adrenal-regeneration hypertension (4,9,11), were

studied for comparison.

Materials and Methods

Female rats were used throughout. Sprague-Dawley rats were purchased

from the Holtzman Co., Madison, Wisconsin (and will hereafter be referred to as

Holtzman rats); Long-Evans (LE) rats from Blue Spruce Farms Inc., Altmont, New

York; Fischer 344 (F344) and Wistar/Furth (W/Fu) rats from Microbiological

Associates, Walkersville, Maryland. All rats were caged singly and maintained

in a room with a temperature of 22 1C, with 12 hour light cycles (0600-1800) .

One week after their arrival from suppliers, at an age of 42 days, rats had the

right kidney removed. They had free access to 1 per cent sodium chloride as

drinking solution. The solid diet consisted of the Charles-River

rat-mouse-hamster formula given ad libitum. This diet contains 410 mg of sodium

per 100 gm.
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Rats of each strain (18 per group) were implanted with a 50 mg pellet of

DOC or a 55.4 mg pellet of DOCA. Pellets were implanted by making a 0.5 inch

incision on the middle of the back and running a blunt instrument approximately

1.5 inches subcutaneously. The pellet was then pushed in and the incision

closed by wound clips. Twelve rats from each strain served as controls and they

received a sham implantation. DOC and DOCA were obtained from Sigma Chemical

Co. and their purity was demonstrated by thin-layer and high pressure liquid

chromatography.

After mononephrectomy and DOC and DOCA implantation, body weights and blood

pressures were recorded weekly. Systolic blood pressures were determined on the

tail using a Physiograph Four (E & M Instrument Co., Houston, Texas) with rats

under light ether anesthesia. At each time interval, blood pressures were

measured 3 times in each rat and the average value calculated. Saline intake

was calculated over a 2 day period each week for all rats.

Three weeks after mononephrectomy and steroid implantation, rats were

killed by decapitation between 0830 and 1030 hours. At that time all rats were

examined for the presence of macroscopic lesions in the kidney, heart and

pancreatic/mesenteric vessels. The brain was cut and examined after fixation.

Organs were fixed in 10% neutral phosphate buffered formalin, cut and processed

by conventional techniques; sections were stained with hematoxylin and eosin.

Lesions in the heart, kidney and brain of each rat were determined

microscopically. The severity of lesions in these tissues was graded by a

semi-quantitative method on a zero to 4+ scale. In calculating the percentage

of severity, the total number of plusses for each group was expressed as a

percentage of the theoretical maximum for each group. In sections of kidney,

the percentage of incidence and severity of tubular casts, glomerular sclerosis

and arterialosclerosis was scored by the semi-quantitative method, whereas in
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the heart, the presence of scars and myocardial necrosis as well as coronary

arteriosclerosis was scored. All numerical data were analyzed according to

Student's t test for small sample size.

DOC levels in peripheral plasma were determined by the radioimmunoassay

procedure described by Bergon et al (2). Serirn corticosterone was measured by

the direct radioimmunoassay method of Gomez-Sanchez et al. (7).

RESULTS

Blood Pressure Rats of the Holtzman, F344 and LE strains became hypertensive

(blood pressure 150 rrm Hg or greater) after 3 weeks of DOC or DOCA implantation

(Table 1) . There was no significant difference between DOC and DOCA treatment

although the DOC-treated groups tended to show a faster increase in blood

pressure. In contrast, W/Fu rats did not achieve blood pressures in the

hypertensive range after 3 weeks of treatment with DOC or DOCA, although the

blood pressures of the steroid-treated groups were significantly higher than

those of the appropriate controls.

Body Weights In the W/Fu strain, treatment with DOC or DOCA did not

significantly affect body weight (Table 1). However, Holtzman, F344 and LE

strains treated with DOC had lower body weights than controls. DOCA-treated

rats of the Holtzman strain also had significantly lower body weights compared

to controls.

Saline Intake Significantly increased saline intake was measurable after 1 week

of DOC treatment in the Holtzman, LE and F344 rats but not in W/Fu animals

(Table 1). However, by the second week following steroid implantation, all

steroid-treated groups were showing greatly increased saline intake compared to

controls. Saline intake was greater in the Holtzman rat than any other strain

and the order was Holtzman>LE>F344>W/Fu at the third week. On a body weight

basis, the saline intake of the DOC-treated W/Fu rats was lower than in all
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other DOC-treated groups during the third week. The Holtzman DOC-treated group

had the highest saline intake on a body weight basis during the third week

following implantation.

Organ Weights

Relative and absolute organ weights of the various groups are shown in

Tables 2a and 2b.

Heart It can be seen that heart weight was increased significantly by DOC or

DOCA treatment in all strains, in absolute or relative terms. The W/Fu rats

showed the least cardiomegaly. When relative organ weights are examined, it can

be seen that the DOC-treated groups have a significantly greater increase in

heart weights than DOCA-treated groups.

Kidney There were very large increases in kidney weight brought about by DOC

or DOCA treatment in all strains. The Holtzman and LE strains showed an

approximate doubling of relative kidney weight on treatment with DOC. Because

the DOC-treated Holtzman, LE and F344 groups had significantly lower body

weights than DOCA-treated animals of these strains, the relative kidney weights

were significantly greater in DOC than in DOCA-treated animals.

Adrenals DOC and DOCA treated rats of all strains had significantly lower

absolute adrenal weights compared to controls. DOC treatment tended to produce

a greater effect on absolute weight than DOCA treatment. Because of the lack

of effect of DOC and DOCA treatment on body weights of W/Fu animals, treated

rats of this strain had significantly lower relative adrenal weights compared to

controls.

Other Organs Spleen, liver, thymus, brain, pituitary and ovaries were

weighed following fixation in formalin (data not shown). In the Holtzman

strain, DOC treatment led to an increase in absolute weight of spleen and brain

while DOCA treatment caused a significant increase in the absolute weight of
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spleen and liver. The DOC treatment also led to a very significant decrease in

thymus weight in this strain, an effect not seen in DOCA-treated animals. DOC

treatment of Holtzman rats resulted in lowering of pituitary and ovarian

weights.

DOC and DOCA-treated LE rats also showed a significant decrease in absolute

thymus, pituitary and ovarian weights compared to controls. In the F344 and

W/Fu strains, DOC and DOCA treatment did not alter the absolute weight of any

organs other than kidney, heart and adrenals.

Lesions

Hie gross and microscopic appearance of lesions, where present, was similar

among the various strains and groups; only the incidence and severity of the

changes varied (Tables 3 and 4) . No lesions were present in vessels of the

pancreas/mesentery.

Brain

The incidence of lesions in the brain was determined microscopically in

fixed sections (Table 3) inasmuch as the fixed brain was easy to section and

suspected lesions were more readily identifiable than in fresh tissue. Lesions

were identified in cut sections as single pinhead-size areas of hemorrhagic

discoloration most commonly seen on the lateral aspect of the cerebrum.

Microscopically, lesions exhibited well demarcated areas of liquefactive

necrosis with extensive hemorrhage (Fig. 1).

The nature of lesions was identical among the various strains, only the

incidence varied. No lesions were observed in the brain of F344 or W/Fu

animals. In the Holtzman strain, DOC induced lesions in about half of the rats,

whereas with DOCA, the incidence was only six per cent. In the LE strain,

lesions were observed in a small number of animals, and the incidence after DOC

treatment was comparable to that with DOCA.
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Kidney

Kidneys were examined macroscopically before fixation for scars and

pinpoint hemorrhages. Kidney lesions were observed in a small number of F344

DOC-treated animals but they were of very low severity (Table 4) . In the LE and

Holtzman groups, the incidence of lesions in DOC and DOCA-treated animals was

similar, although the severity of lesions after DOCA was half that with DOC.

Microscopically, renal lesions were classified as glomerular, vascular or

tubular. Glomerular involvement ranged from minimal, in which capillary tufts

were compressed by a proteinaceous, eosinophilic fluid, to more severe in which

capillary loops as well as Bownan's space were totally obliterated by fibrosis

(Fig. 2). Arterioles were principally affected and showed sclerosis with

hyaline material in the wall as well as hyperplasia of smooth muscle cells.

This caused considerable narrowing of the lumen (Fig. 3). Proteinaceous

eosinophilic casts in the tubules were of varying size such that, in some cases

they were focal and minimal (Fig. 4), whereas in others the tubules were filled,

dilated and the epithelial cells compressed (Fig. 2,5).

The incidence of renal lesions in DOC-treated F344 animals was high

(Table 3). Tubular casts were the predominant lesions with glomeruli and

arterioles showing less severe involvement. No lesions were observed in

DOCA-treated animals. With LE, the incidence and severity of renal lesions in

DOC-treated animals was greater than that after DOCA. All Holtzman, DOC-treated

animals showed lesions and with the highest index of severity of any of the

other strains of rats. The severity of lesions in glomeruli of DOC and

DOCA-treated rats was comparable, whereas changes in small vessels and tubular

casts were more severe in DOC-treated animals, than after DOCA treatment

(Table 3). No lesions were present in W/Fu rats.
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Heart

Focal areas of whitish scars were observed on the epicardial surface of the

heart. In DOC-treated F344 animals, lesions were present in one third, but none

were observed in DOCA-treated animals (Table 4) . Greater than 90 per cent of

the DOC-treated Holtzmsn animals exhibited cardiac lesions, and about 60 per

cent of the DOCA-treated animals showed lesions. The severity of DOCA-induced

lesions was about half that due to DOC treatment (Table 4). No cardiac lesions

were observed in W/Fu animals (Fig. 6).

Microscopically, lesions in the heart consisted of focal areas of fibrous

scars and inflammatory cells present in the ventricular wall (Fig. 7,8) and

occasionally in the atria (Fig. 9). In the coronary arteries, there was

hyaline, arterial sclerosis and periarterial deposition of inflammatory cells

and fibrous tissue (Fig. 10,11).

The incidence of cardiac lesions as graded microscopically in DOC-treated

F344 was similar to that of LE, whereas in Holtzman rats over 90% of the animals

showed cardiac lesions (Table 3). With DOCA, no F344, half of the LE and over

70% of Holtzman animals exhibited lesions. No lesions were seen in W/Fu

animals.

The percent severity for fibrous scars in DOC-treated F344 was similar in

comparable groups of LE or Holtzman rats (Table 3). No scars were visible in

DOCA-treated F344 animals. The percent severity of scars in DOCA-LE was

somewhat less than that of DOCA-treated Holtzman rats.

Lesions in coronary arteries were least severe in DOC-F344 animals, greater

in DOC-LE and severest in DOC-Holtzman (Table 3). The percent severity of

lesions for Holtzman rats after DOC was identical to that after DOCA.
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Plasma DOC Levels

In order to establish whether or not treatment with free DOC led to

higher blood DOC levels than with DOCA treatment, a separate experiment was

conducted in which rats of the Fischer 344 strain were implanted with DOC and

DOCA pellets as described in the Materials and Methods section. Blood was

collected from quiescently-killed rats at two times of the day, 0800 h and

1800 h, in order to obtain more complete information about the levels of free

DOC circulating in treated rats. It can be seen (Table 5) , that significantly

higher DOC levels were achieved in animals with free DOC implants compared to

those implanted with DOCA pellets. Serim corticosterone was also measured in

order to ascertain the extent of inhibition of adrenal function produced by the

DOC and DOCA treatment. Both treatments resulted in lower levels of

corticosterone at the low point of the circadian rhythm (0800 h) than in

controls and there was a blunting of the response to stress at that time.

However, the data suggest that a relatively normal circadian rhythm of adrenal

cortical activity is maintained in DOC and DOCA treated animals inasmuch as the

evening levels of corticosterone were elevated compared to morning levels. In

the DOCA-treated rats the evening levels were as high as those of controls.

DISCUSSION

DOCA hypertension in the rat was the first experimental model involving

excess mineralocorticoid to be described (13) . The finding of increased

production of DOC by regenerating adrenal homogenates (6) led logically to the

hypothesis that hypersecretion of this compound was involved in the pathogenesis

of adrenal-regeneration hypertension (14) . One of the arguments against the DOC

hypothesis has been the observation by Hall et al. (8) that rats of the

Long-Evans strain did not develop DOCA-induced hypertension but they did develop

hypertension associated with regeneration of the adrenal. One explanation for
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the failure of Long-Evans rats to develop DOCA-induced hypertension was the

observation by Brown et al. (3) that the DOC levels achieved in rats wth

regenerating adrenals were higher than those seen in DOCA-treated rats of the

sane strain.

Previous work from our laboratory had indicated that the Long-Evans rat

was resistant to salt-induced hypertension relative to Sprague-Dawley rats(ll).

For that reason, we re-examined the sensitivity of these two strains to

treatment with DOCA. In a preliminary study, we showed that by using an

implanted peilet of free DOC, as opposed to the acetate, we could produce

moderately severe hypertensive vascular disease in the Long-Evans strain (5) .

One question which was raised by this data, was whether or not our use of free

DOC was crucial to the development of hypertension in this strain. The present

study was planned to address that question and also allow us to compare

Long-Evans and Sprague-Dawley strains with other strains known to be relatively

resistant to salt (10,11) or adrenal regeneration hypertension (12).

First of all, we were able to confirm our preliminary study in that

Long-Evans rats did develop DOC-induced hypertension. Furthermore, implantation

of an eqivalent amount of DOC-acetate also led to hypertensive vascular disease.

This directly contradicts the observations of Hall et al. (8). At this time the

only explanation that we can offer for this is the use by us of 50 mg implants

of DOC and DOCA whereas in Hall's study they administered DOCA twice daily by

the intramuscular route at a dose of 125 micrograms per injection.

What is not known at this time is the DOC level achieved in blood by the

injection regime used by Hall et al. Brown et al. (3) found DOC levels in

plasma of about 8 nanograms per ml. three weeks following the implantation of a

25 mg DOCA pellet and 12 nanograms per ml. with two 25 mg DOCA pellets. Our

studies wih the Fischer 344 rat show that the level of DOC achieved in blood two
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weeks following DOCA implantation averages about 50 nanograms per ml during the

day. Furthermore we have shown that the DOC concentration is almost twice as

high after implantation of a free DOC pellet.

In the Holtzman, F344 and LE strains where hypertension was produced by

DOC or DOCA implantation, the severity of lesions in various organs was greater

in those rats with a DOC implant. This correlates well with our observation

that plasma DOC levels are higher in such animals than in DOCA implanted rats.

Our studies also show that it is the Holtzman rat, a Sprague-Dawley derivative,

which develops the most severe hypertension following implantation of DOC or

DOCA pellets. This may be related to the higher sodium chloride consumption of

this strain after DOC or DOCA treatment compared to all others studied. The

less severe hypertensive vascular disease in DOC or DOCA implanted LE rats

compared to treated Holtzman rats, underlines the importance of dosage of

mineralocorticoid. We presume that hypertension is brought about by a certain

minimal level of DOC in blood and the DOC and DOCA pellets that we use are

sufficient to reach or exceed that level of circulating DOC. Coupled with the

observations of Brown et al. (3), our studies indicate that the data of Hall et

al. (8) per se , cannot be used as an argument against the DOC hypothesis

related to the pathogenesis of adrenal regeneration hypertension.

Probably of greatest significance is our demonstration of the remarkable

resistance of the Wistar/Furth strain to DOC or DOCA-induced hypertension. Such

a resistance had been suggested from our previous study (5), and also from the

demonstration by Bergon and Brownie (1) that plasma DOC levels in

non-hypertensive W/Fu rats with regenerating adrenals were just as high as in

Holtzman rats which were developing adrenal regeneration hypertension. Although

DOC and DOCA treatment of the W/Fu rat did increase blood pressure, the rise was

not into the hypertensive range. Furthermore, there was a complete lack of



lesions in the vasculature of organs such as the kidney and heart. The W/Fu

rats had the lowest intake of sodium chloride solution of any strain studied.

These data suggest that there is a significant difference in receptors for

mineralocorticoid in this strain compared to the others studied. Clearly this is

going to be an area of further study in our laboratory.
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TXXAyrKBights,BloodPressuresandFluidIntakeofVariousStrainstreatedwithDOCorDOCA Week

1

Week2

Week3

Blood

Fluid

Blood

Fluid

Blood

Fluid

Strain

BodyWt. gm.

Pressure mmHg

Intake ml/day

BodyWt. gm.

Pressure mmHg

Intake ml/day

BodyWt. gm.

Pressure ranHg

Intake ml/day

Holtzman: Control

167±4.9

11613.7

52+3.9

190+3.7

11914.2

6115.7

19512.8

11012.0

4916.4

DOC

162±3.3

13013.la

81+6.2a

165+4.0a

14614.0a

139±12a

15215.la'b
152+6.6a

139+12a

DOCA

162±3.2

123+2.5

9116.4a

170+4.5a

141+4.2a

122+10a

171+6.4a

16016.5a

11819.8a

DongEvans: Goritrol

143+3.9

98+4.1

54+5.5

15615.2

114+3.9

5013.7

174+6.0

11412.4

44+3.7

DOC

133±3.3

13113.6a

6814.6a

139+3.8a,b
142+8.0a

7416.5a

141+4.8a'b
150+7.2a

90+7.0a

DOCA

136±2.6

124+5.la

61+3.1

151+2.6

133+4.0a

66+5.3a

167+3.2

14915.7a

10014.4a

Fischer344
:

Control

10512.1

10113.8

3311.2

112+2.2

10613.4

28+2.6

11912.1

11412.9

23+6.0

DOC

10L+2.7

121+3.6a

5213.7a

108+3.1

15214.2a

5454.6a

10913.2a'b
170+5.0a

77+4.5a

DOCA

10311.2

12113.3a

44+2.7a

110+1.8

140+4.4a

68+6.9a

118+2.1

159+5.7a

7215.9a

Wistar/Furth: Control

119+4.4

92+3.7

3215.6

137+4.2

9213.2

3313.2

14014.0

9813.8

3312.7

DOC

114+3.2

107+4.0a

36+6.2

12913.1

127+4.9a

6214.7a

13612.9

13113.7a,b
72+3.3a

DOCA

11313.2

1031

28+3.4

131+2.5

114+3.6a

53+4.6a

13412.5

113+1.9a

67+4.8a

*Thedataisreportedasthemean+standarderrorofthemean a=significantlydifferentfromcontrolvalue b=significantlydifferentfromtheDOCA.value
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Table 2a. Absolute Weights of Heart, Kidney and Adrenals in the Various
Strains treated with DOC or DOCA

ORGAN WEIGHTS* - ABSOLUTE

Strain Treatment Heart Kidney Adrenal

Holtzman UNX 807.4±17.7 1203.0±40.5 63.0±2.0

Holtzman UNX + DOC 967.7±28.8a 1878.7±79.7a 48,6±1.4a

Holtzman UNX + DOCA 1004.5±24.2a 1854.3±58.2a 50.2±1.7a

Long-Evans UNX 667.7+20.6 1169.8+45.2 51.0±2.5

Long-Evans UNX + DOC 765.0+28.2a 1692.0±78.4a 35.0±l.la,b
Long-Evans UNX + DOCA 806.0±15.7a 1720.0±43.6a 41.6±1.7a

Fischer 344 UNX 423.1±5.9 727.0±8.9 38.8±0.8

Fischer 344 UNX + DOC 525.2±17.9a 1085.6±38.7a 32.9±1.3a

Fischer 344 UNX + DOCA 512.6± 9.4a 1029.0±30.3a 34.6±0.85a

Wistar/Furth UNX 582.1±16.1 933.3±16.6 47.2±1.6

Wistar/Furth UNX + DOC 693.3±19.3a 1284.0±30.0a 37.8±1.3a

Wistar/Furth UNX + DOCA 650.9±14.4a 1229.8±27.7a 39.8±1.0a

* The organ weights are expressed as the mean absolute weight!standard error of the mear

a = significantly different frcm control value

b = significantly different from the DOCA value



19

Table 2b. Relative Weights of Heart, Kidney and Adrenals in the Various
Strains treated with DOC or DOCA

ORGAN WEIGHTS* - RELATIVE

Strain Treatment Heart Kidney Adrenal

Holtzman UNX 416.5±10.1 619.8+18.6 32.3+1.2

Holtzman UNX + DOC 633.0±13.8a 1226.8+40.5a,b 32.2+1.5

Holtzman UNX + DOCA 570.8±15.8a 1055.0±36.6a 28.7+1.4

Long-Evans UNX 375.8± 9.2 656.7±17.4 28.7+1.2

Long-Evans UNX + DOC 539.1±13.7a 1193.9±47.0a,b 24.9+0.9

Long-Evans UNX + DOCA 489.0± 9.5a 1034.5±38.5a 25.2+0.9

Fischer 344 UNX 352.3± 5.3 605.8± 7.4 32.9±0.7

Fischer 344 UNX + DOC 481.2± 9.2a 994.5±22.3a,b 30.4+1.0

Fischer 344 UNX + DOCA 435.7± 6.1a 872.8±20.la 29.2+0.6

Wistar/Furth UNX 419.4±18.1 670.1±15.7 33.9±1.1

Wistar/Furth UNX + DOC 511.8±10.2a 949.1±18.2a 27.9±0.8a

Wistar/Furth UNX + DOCA 488.2± 8.2a 922.4±15.7a 29.9±0.6a

* The organ weights are expressed as the mean relative weight (mg/100 gm body weight)
± standard error of the mean

a = significantly different from control value

b = significantly different from the DOCA value



Table3

SEMI-QUANTITATIVEEVALUATIONOFMICROSCOPICCHANGESINBRAIN,KIDNEYANDHEART
STRAIN

GROUP

BRAIN

KIDNEY

HEART

Incidence %

Incidence %

Severity

Incidence %

Severity

SlomeruliSmallVessels 0,0,0

Casts %

Scars
.%

SmallVe; %

F-344

C

0

0

0

0

0

0

0

0

DOC

0

64

8

11

25

68

22

8

DOCA

0

0

0

0

0

0

0

0

L.E.

C

0

0

0

0

0

0

0

0

DOC

14

64

23

16

30

75

21

14

DOCA

11

44

13

10

20

50

18

13

Holtzman

C

0

0

0

0

0

0

0

0

DOC

41

100

43

49

61

94

28

25

DOCA

6

86

40

25

44

73

28

25

W/Fu

C

0

0

0

0

0

0

0

0

DOC

0

0

0

0

0

0

0

0

DOCA

0

0

0

0

0

0

0

0



Table4

SEMI-QUANTITATIVEEVALUATIONOFMACROSCOPICLESIONSINKIDNEYANDHEART
STRAIN

GROUP

KIDNEY

Incidence%Severity

HEART

Incidence%Severity%

F-344 L.E. Holtzman W/Fu

C DOC DOCA C DOC DOCA
C DOC DOCA

C DOC DOCA

0 6 0 0

13 10

0

64 33

0 0
0

0 7 0 0

13

7 0

34 17

0 0
0

0

33

0 0

68 47

0

94 60

0 0 0

0

11

0
0

25 16

0

39 20

0 0 0

NJ



Table 5. EFFECT OF DOC AND DOCA IMPLANTS ON SERUM DOC AND CORTICOSTERONE
LEVELS OF FISCHER 344 RATS

CONTROL DOC DOCA

Q-AM S-AM Q-PM Q-AM S-AM Q-PM Q-AM S-AM Q-PM

B (yg/dl) 10.0 31.0 37.5 1.4 18.4 25.3 1.2 12.4 36.4

SEM 0.3 4.5 3.0 0.1 6.1 3.0 0.1 4.8 4.4

DOC (ng/ml) 1.5 3.4 4.0 84.1 118.7 100.6 41.2 38.7 64.1

SEM 0.3 0.6 0.5 10.0 13.0 16.1 5.7 4.8 5.3

Blood samples were obtained at 0800 h (AM) and 1800 h (PM). Rats were killed
in the AM quiescently (Q) or after needle stress (S). In the PM rats were
killed quiescently.
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Figure Legends

Figure 1. Brain from LE-DOCA treated rat. A focal well-demarcated area of

involvement (L) is observed in the cerebrum near the surface of the brain. The

lesion is filled with red blood cells; dilated vessels (V) as well as spaces (S)

are present. H&E. X75.

Figure 2. Kidney from LE-DOC treated animal. Some tubules are filled with an

eosinophilic, homogeneous material. One tubule (arrow) is extremely dilated and

the epithelium is compressed. Glomeruli are sclerotic, the capillary loops

almost entirely replaced by fibrous tissue. H&E. X120.

Figure 3. Kidney from DOC-treated Holtzman rat showing sclerotic renal vessel

(arrow) adjacent to a sclerotic glomerulus. H&E. X60.

Figure 4. Kidney from Holtzman-DOC treated animal showing at low power extensive

tubular casts in tubules and sclerotic glomeruli. H&E. X60.

Figure 5. Kidney from F-344-DOC treated animal showing minimal involvement of

the kidney. A few tubules contain eosinophilic casts in this low power view.

One glomerulus is moderately sclerotic (G). H&E. X60.

Figure 6. Myocardium of W/Fu DOC-treated animal. There is no fibrosis visible

in the heart of this animal. H&E. X60.

Figure 7. Heart from F-344-DOC treated rat. A focal area of fibrosis is

observed in the myocardium in which there is an admixture of inflammatory cells.

H&E. X75.

Figure 8. Heart from LE-DOCA treated rat. Rather diffuse areas of fibrosis wih

some hemorrhage (arrow) are observed. H&E. X60.

Figure 9. Atrium from DOC-treated Holtzman animal. Areas of necrosis (N) and

inflammation are observed in the wall of the atrium. H&E. X60.

Figure 10. Heart from LE-DOC treated rat. Homogeneous, eosinophilic material

infiltrates the wall of a vessel. The lumen is markedly narrowed. Fibrosis and
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inflammatory cells are observed in the area surrounding the vessel. H&E. X120.

Figure 11. Heart from Holtzman DOCA-treated rat. Amorphous material is present

in the vessel wall, although there is less inflammation than in the vessel shown

in Figure 10. H&E. X120.
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